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CHAPTER 1  
INTRODUCTION 
 
1.1 General 
“Nanostructured metal colloids” can be described as small aggregates of 
zerovalent metals (size ca. 1-50 nm), stabilized by organic materials (ligands, surfactants, 
polymers) to give redispersible metal sols. Depending on whether lipophilic or hydrophilic 
protecting groups are applied for the stabilization, the resulting metal colloids are soluble in 
organic media (organosols) or water (hydrosols). Alloyed bi- and plurimetallic colloids having 
either a homogeneous or a gradient particle structure became accessible via the co-reduction 
of different metal salts. For the synthetic details the reader is referred to the comprehensive 
reviews [1-3].  
In catalysis nanostructured metal colloids are often considered as “dissolved 
surfaces “ having highly unsaturated atoms. The incentives for the application of these 
materials as precursors for the manufacture of metal colloid catalysts [4] emerge from the 
enhanced activity, good selectivity (controllable vial the colloidal modifiers), synergistic 
effects in bimetallic particles, and a remarkable long-time stability examined in a number of 
model catalysts. An additional potential for catalytic applications exists when these colloidal 
metals are dispersed in zeolites [5], mesoporous environments [6], micelles [7,8], and 
biomembranes [9]. 
Another field of application for these colloidal metals is as electrocatalysts for 
fuel cells. From recent papers on fuel cell technology [10-15] it may be deduced that the 
application of CO-tolerant, high performance electrocatalysts based on colloidal bimetallic 
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particles sized 2 nm [16-18] may significantly accelerate the process of commercialization, 
especially in the automotive sector. 
A great deal of industrial interest [19] has been attracted by the potential for the 
manufacture of heterogeneous catalysts using pre-prepared nanometals colloids as precursors 
via the so-called” precursor concept”[4]. An obvious advantage of the new preparation mode 
compared with the conventional salt-impregnation method is that both the size and the 
composition of the colloidal metal precursors may be tailored for special applications 
independently of the support. In addition, the metal particle surface may be modified by 
Lipophilic or hydrophilic protective shells, and covered by intermediate layers, e.g. of oxide. 
The addition of dopants to the precursor is also possible. The second step of the catalyst 
manufacture consists of the simple adsorption of the pre-prepared particles via dipping the 
supports into organic or  aqueous solutions at ambient temperate, this was demonstrated, e.g., 
for charcoal, various oxidic support materials, even low-surface materials such as quartz, 
sapphire and highly oriented paralytic graphite (HOPG). A subsequent calcinations step is not 
required. 
 
1.2 Nanoparticles in Electrocatalysis 
The term electrocatalysis was introduced at the beginning of the 1960’s in 
relation to the electrode reactions in fuel cells and was defined in analogy of Berzelius’ 
definition of catalysis [20] as ‘the enhancement of the rate of an electrochemical reaction by a 
substance, not consumed in the reaction, called as the electro-catalyst’ [21]. This description 
reflects one of the main issues of the fuel cell R&D efforts carried out in this period of the 
century (see, e.g., ref. [22]). More than three decades later, the electrocatalysis of fuel cell 
reactions still plays a central rôle in R&D, but now under a more microscopic and surface 
structural point of view due to the development of insitu spectroscopic and imaging 
techniques (e.g., in-situ infrared spectroscopy, differential electrochemical mass spectrometry 
or scanning tunneling microscopy), together with the use of structurally defined single 
crystals as model electrodes. Today, transition metal nanoparticles are widely applied as 
electrocatalysts in fuel cells, due to their remarkable catalytic properties. In spite of the 
experimental progress, however, many questions still remain unresolved from a kinetic or 
mechanistic point of view, including reactions related to low-temperature fuel cell systems 
(60°-100°C), e.g., the Polymer Electrolyte Membrane Fuel Cell (PEMFC) or the Direct 
Methanol Fuel Cell (DMFC) [23]. 
          CHAPTER 1 
 3
1.3 General description of the PEMFC and DMFC 
Since a DMFC (Direct 
Methanol Fuel Cell) represents only a 
special case of a PEMFC (Polymer 
Electrolyte Membrane Fuel Cell), the 
following explanations apply for both 
the systems. A schematic presentation 
of the cross-section of a single PEMFC 
is illustrated in Fig. 1.1 [23(a)]. In the 
middle of the cell the proton 
conducting polymer electrolyte 
membrane (thickness 50-175µm) is 
located, which on both sides is in close 
contact with a 5-50 µm thick, 
dispersed catalyst layer. This catalyzed 
membrane is called Membrane 
Electrode Assembly (MEA) and 
separates the anode from the cathode 
side in a fuel cell, i.e., the polymer 
electrolyte membrane acts as a gas separator between anode and cathode. On each side of the 
MEA, the catalyst layers are followed by the ‘gas-diffuser’ layers consisting of 
hydrophobized porous carbon paper and the current collector plates or bipolar plates (graphite 
[24] either graphite/polymer composites [25], stainless steel or treated Titanium plates [26]), 
which contain machined flow fields for distribution of the reactants. The diffuser layers 
enable the effective reactant and current distribution over the whole flow field of the bipolar 
plates and they serve to stabilize the MEA. The bipolar plates can be serially coupled, which 
results in high fuel cell stack potentials. They also increase the mechanical integrity of the fuel 
cell stack. The membrane normally consists of perfluorinated polymers with side-chains 
terminating in sulfonic acid groups, e.g., Nafion [23(a),24] or Gore Select [27]. Other related 
composite-type membranes are also widely used, e.g. the BAM3G membrane [28]. The heart 
of the fuel cell is the membrane electrode assembly with the catalyst layers. 
 
 
 
Fig.1.1. Schematic illustration of the cross-section of a 
single PEMFC:   
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1.4 Electrode reactions and Electrocatalysts in PEMFC and DMFC 
Due to the electric separation of anode and cathode by the polymer electrolyte 
membrane and the external connection by an electrical load, the anodic oxidation of the fuel 
and the cathodic reduction of the oxidant can take place separately, enabling direct conversion 
of chemical into electrical energy. In both PEMFC and DMFC, O2 or air are used as the 
oxidizing agent. The simplest fuel, certainly, represents pure Hydrogen, which can easily be 
applied in stationary fuel cell systems. Due to its poor volume-related energy density and 
safety issues, however, compressed or liquid H2 is not well suitable as a fuel in mobile 
applications. For automotive fuel cell systems, energy carriers with higher energy densities 
compared to pure H2 are preferred, e.g., methanol or hydrocarbons, which both can be 
transformed on-board to Hydrogen and CO2 via steam reforming or partial oxidation [29]. 
When H2 is produced via conversion of methanol, the fuel cell system is referred to as Indirect 
Methanol Fuel Cell (IMFC), in close analogy to the Direct Methanol Fuel Cell (DMFC), 
where methanol acts as the fuel, which is electro-oxidized directly on the anode. A summary 
of the three mentioned fuel cell systems with the electrochemical reactions involved is given 
in Table 1.1. 
In state-of-the-art fuel cell systems, pure Pt supported on high surface area 
carbon (e.g. Vulcan XC72) is used as the cathode electrocatalyst. Due to the low temperature 
in PEMFC the metal loadings for the Oxygen catalysts are significant for the slow reaction 
kinetics [30(a)]. The requirements on the anode electrocatalyst in a H2/Air-PEMFC are not as 
critical as in a IMFC or DMFC, therefore only simple Pt/Vulcan catalysts are necessary, 
which represents a very active catalyst for H2 oxidation [30(b)]. The most important problem 
 
 
 
FUEL Anode Reaction Poisoning species Cathode reaction E
0
Cell 
 
H2-PEM 
 
H2 
 
H2           H+ + 2e-  1.23V 
 
IMFC 
 
 
CH3OH+H2O 
 (CO2 + 3H2) 
 
 
  H2           H+ + 2e- 
 
 
CO2 +H2 
CO + H2O 
 
1.23V 
 
DMFC 
 
CH3OH 
 
CH3OH + H2O 
CO2 + 6H+ + 6e- 
 
 
COad 
 
 
 
 
 
½ O2 + 2H+ + 2e- 
 
H2O 
1.21V 
Table 1.1. Summary of the H2 -PEM, the IMFC, and the DMFC with the involved electro-
chemical reactions and the theoretical cell potentials. 
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of pure Pt catalysts, however, is their high sensitivity towards trace CO contaminations in the 
Hydrogen feed gas. This unavoidable contamination in IMFC’s result from the water-gas 
backshift reaction, which takes place in the methanol reformer. Feed gas produced by steam 
reforming of methanol contains 1-2 % CO, which acts as a poison on the anode catalyst, 
thereby reducing the efficiency of the fuel cell. The “CO-tolerance” (defined as the maximum 
level of CO up to which the electrooxidation kinetics of Hydrogen are largely unperturbed) 
for Pt anode catalysts is ca. 5-20 ppm CO at 80°C [31,32]. Alloying of Pt with a second 
component, like Ru, W, Mo or Sn was found to enhance the CO-tolerance up ca. 100 ppm CO 
[32-34]. Hence, the amount of CO in the reformer gas (1-2 %) must be reduced to ca. 100 
ppm CO, which normally is carried out by a preferential CO oxidation step at the outlet of the 
reformer [32, 35-37]. In a DMFC, similar poisoning problems as in the IMFC exist. Here, the 
electrooxidation of methanol proceeds via adsorbed CO-containing intermediates and Pt-alloy 
catalysts (especially PtRu) are currently being used [30(b)].  
Another crucial problem in the DMFC technology is methanol permeation 
(crossover) from the anode to the cathode side through the polymer electrolyte membrane, 
resulting in a decrease of both voltage efficiency by oxidation of methanol on the cathode 
followed by a diminution of the cathode potential and system efficiency due to a loss of fuel. 
A different approach to improve the cell performance is the use of methanol tolerant cathodes. 
In this concept methanol crossover is not fully prevented but at the cathode, catalysts are used 
which are methanol tolerant, e.g. a Mo2Ru5S5 [28]. Although it exhibits an inferior 
performance with pure H2 for pure Oxygen reduction than Pt, it still exceeds the low activity 
of pure Pt in methanol. Other methanol tolerant catalysts are Iron Porphyrine type materials 
supported on high surface area Carbon [29]. This concept was extended to give totally new 
types of fuel cell where the anode and cathode are in same compartment. And they are in 
same membrane electrolyte, eliminating most of the Ohmic resistance they have. 
Combinatorial screening methods are also developed for obtaining better electrocatalysts [40].  
To illustrate the electrocatalysis issues relevant to the aforementioned fuel cell 
systems, typical i-E-curves for a H2/Air-PEMFC, IMFC and DMFC, respectively, are shown 
in Fig. 1.2. The differences between anodic and cathodic curves represent the available IR-
free cell potential (i.e. cell potential in the absence Ohmic losses). The curves denoted with 
the suffix ‘ideal’ (H2 ideal, O2 ideal) refer to the ideal behavior without kinetic losses. While for 
the oxidation of pure H2 only negligible kinetic restraints exist and nearly ideal behavior can 
be observed, the cathode suffers from a high over-potential (300-400 mV under operating 
conditions). If the fuel cell anode is operated with CO-containing H2 gas feeds or methanol, 
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large deviations from the behavior of pure Hydrogen can be observed, resulting in large anode 
over-potentials. 
 
 
 
Fig. 1.2. Schematic polarization curves for the H2-PEMFC, IMFC, and DMFC 
 
 
Generally, the main issues in the electrocatalysis of these low-temperature fuel 
cell reactions are as follows: i) For all three systems, a cathode catalyst with faster Oxygen 
reduction kinetics than pure Pt is desirable, ii) especially for the IMFC, the CO-tolerance 
mechanism on Pt and Pt-alloys must be understood to design new anode catalysts with 
improved CO-tolerance, and iii) for DMFC systems a better understanding of the Methanol 
electrooxidation mechanism on Pt and Pt-alloy catalysts is necessary to create new anode 
catalysts with faster oxidation kinetics. A second issue for DMFC systems is the development 
of Oxygen reduction selective cathode catalysts, i.e. catalysts which are unperturbed by 
crossover methanol. 
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1.5 Precursor concept [2] of colloidal (fuel cell) catalysts preparation [41, 42(a)] 
In the so called “precursor 
concept” (Fig. 1.3) pre-prepared 
transition metal nanoparticles stabilized 
by either surfactants or 
Aluminiumtrialkyls are used as easily 
accessible precursors for the new type of 
heterogeneous catalysts. The advantage 
here is that these “precursors” may be 
optimized independent of the support by 
varying their particle size, their 
composition and their structure including 
bi- or pluri-metallic   systems.  
Further, the coverage of the metal surface by various protective shells and 
intermediate layers, e.g. surface metals, may be used for “doping” the active component. It is 
also found that the fuel cell catalysts prepared from colloidal precursors show additional long-
term stability in real fuel cells [42(b)]. A variety of methods for pre-preparing the Pt colloids 
(bi-, pluri-metallic) are available [41, 43, 44].  
During this work different wet chemical reduction methods are compared 
[Chapter 4]. During catalysts preparation, colloidal metal nanoparticles are supported on 
electron conducting commercial carbon support, e.g. Vulcan XC 72.  Further, if the colloidal 
transition metal nanoparticles are protected against agglomeration by using suitable protecting 
agents then heat treatment (reductive annealing) of the supported colloid is followed. This 
heat treatment is now coined as the “Conditioning step” [41]. In this step the surface of 
colloidal nanoparticles are made free from the unwanted protecting agent by heating it at 
elevated temperature (~300°C) under flowing Hydrogen and subsequently Oxygen. The 
details are given in chapter 3. 
 
1.6 Nanocluster preparation methods 
Nanoparticles are synthesized by a variety of methods [43]. For transition 
metal nanoparticles according to J. S. Bradley’s classification there are four general synthetic 
methods which result in “facile deposition of metallic precipitates”[18]. These four methods 
are (i) transition metal salt reduction, (ii) thermal decomposition and photochemical methods, 
Protective shell 
Intermediate layer 
e.g. surface metals 
Nanoparticle 
(metal/alloy) 
Carrier
Fig. 1.3. “Precursor Concept” in catalysis        
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(iii) ligand reduction and displacement form organometallics and (iv) metal vapor synthesis. A 
fifth category not included in this classification developed by Prof. M. T. Reetz, is the (5) 
electrochemical particle synthesis. 
Metal vapor deposition provides a physical 
method of synthesis in contrast to “chemical 
methods” of synthesis [45-47]. Another way 
of classification is the differentiation as “top   
down” and “bottom up” methods of 
preparations  
In the former bulk metal is grinded to nano 
particulate size and subsequentlystabilized 
by the addition of colloidal protecting 
groups. In the latter case of chemical 
synthesis, methods of chemical and 
electrochemical reduction of salt lead to 
zero-valent nanoscopic metals. A large 
variety of stabilizers are used to control the 
growth of the initially formed nanoclusters 
and to prevent them from agglomeration. In 
Fig. 1.4 a schematic representation of 
preparation of colloidal nanoparticles is 
given.  
 
 
 
1.7 Salt reduction methods  
In this work we use exclusively wet chemical synthesis methods of metal salt 
reduction to prepare colloidal nanoparticle precursors for fuel cell catalysts preparation. A 
schematic representation of “salt reduction method” is shown in Fig. 1.5. It is very 
advantageous for preparing colloidal transition metal nanoparticles. It is well reproducible in 
liquid phase and allows colloidal nanoparticles to be prepared in multigram scale with narrow 
size distribution. Wet chemical reduction procedures have been developed to obtain 
Precursor Molecule
Metal Atom
Chemical Method
Physical Method
Bulk Metal
Fig. 1.4. Nanoparticle preparation scheme.
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practically all transition metal colloids with different types of stabilizers and a range of 
reducing agents [48].  
In this comparative work following methods of nanoparticle preparation are used, 
¾ Colloidal Pt in water [49, 50, 59] is obtained using formaldehyde, Hydrogen, Lithium 
or Sodium borates, and polyol as the reductants. While sugar derivatives, anionic, 
cationic, amphiphilic surfactants and poly-soaps can be used as the nanoparticle 
stabilizers [44(d)]. The oxidation state of the reduced species depends upon different 
factors, e.g. reducing power of reducing agent, presence of Oxygen etc. Hydrogen 
formaldehyde and polyol are mild reducing agents, and reduction can continue for 
several hours.  The advantage is the cost effectiveness and the ease of reactions. Also 
impurities generated from the reducing agent are negligible. While BH4- is a powerful 
reducing agent. The disadvantage of BH4- is that transition metal borides are normally 
found as impurities after colloidal preparations [51]. An interesting study has been 
recently published by Sung et al. for bimetallic nanoparticles synthesis by LiBH4 
reduction pathway [52].  
 
X-M+
M+
Reduction Re-oxidation
Nucleation
M+M + 
Collision of
metal atoms
Autocatalytic 
pathway 
Stable Nuclei
/Seeds
Slow ReductionFast Reduction 
Kinetic control Thermodynamic control   
Fig. 1.5. Formation of metal colloids by salt reduction mode. 
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¾ Tetraalkylammonium hydrotriorganoborates as reductants [2,41,43,44(a),53,54,58] 
offer a wide range of applications in the wet chemical preparation of transition metal 
salts in organic solvents. In it the reducing hydride species [BEt3H]- is combined with 
the stabilizing agent NR4+(R=alkyl, aryl, H groups). Consequently, the surface active 
NR4+ groups are present immediately at the reduction centre in high local 
concentration which effectively prevents particle aggregation. Trialkyl borane is 
recovered unchanged from the reaction and no borides contaminate the products.  As 
synthesized, the NR4+ -stabilized metal “raw” colloids typically contain 6-12 % of 
metal. “Purified” transition metal colloids containing 70-85% of metal, are obtained 
by the work up with ethanol or ether and subsequent re-precipitation by a solvent of 
different polarity. The pre-preparation of NR4(BEt3H) can be avoided when NR4X is 
coupled to the metal salt prior to the reduction step. NR4+ stabilized transition metal 
colloids can be obtained by NR4X transition metal double salts. The interaction 
between the metal colloidal core and the chlorine atoms have been studied recently by 
Bönnemann et al.[55].   
¾ Zero valent early transition metals stabilized only with THF, have been also prepared 
via the [BEt3H]- reduction of the pre-formed THF adducts of TiBr4, ZrBr4, VBr4, 
NbCl4 and MnBr4 [56]. Detailed studies on the geometric and electronic structure of 
[Ti x 0.5 THF]x have shown that it consists of Ti13 clusters in the zero-valent state, 
stabilized by six intact THF molecules [56(b)]. [Ti x 0.5 THF]x  has been screened to 
be the most effective catalyst for the reversible Hydrogen storage in NaAlH4 [57]. 
Also studied was [Mn x 0.3 THF]x [56(c)]. Adducts of Tetrahydrothiophen with Pd, 
and Pt organosols were prepared similarly [56(d)].  
¾ Organoaluminium compounds have also been used for the “reductive stabilization” of 
mono- and bimetallic nanoparticles [41,60,61]. Accordingly, colloids of zero-valent 
elements of group 6-11 of the periodic table and also of Tin may be prepared in the 
form of stable, isolable organosols. The available analytical data suggest that a layer of 
condensed organoaluminium species protects the transition metal core against 
aggregation. The modification of the organoaluminium protecting shell can be used to 
tailor the dispersion characteristics of the original organosols. This leads to the 
synthesis of new heterogeneous catalysts [62]. 
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1.8 Goal of the work 
The main goal of this research work is to compare different wet chemical synthesis methods 
of nanoscopic colloidal PEMFC/DMFC electrode catalysts preparations.  
• These methods are compared in the following respects,  
- ease and cost of colloidal catalyst preparation,  
- physical properties of colloidal catalyst, for example, particle size distribution 
of colloidal transition metal nanoparticles,  
- dispersion,  
- their oxidation states,  
- alloying in different metals,  
- effects of particle shape on catalysis, etc.   
- further these catalysts are compared electrochemically, for their CO tolerance, 
methanol oxidation ability, long term stability in real fuel cells and overall 
efficiency as fuel cell catalysts.  
• Further, in order to get maximum control over different catalysts properties, colloidal 
catalysts preparation methods were optimized.  
• Another goal, as mentioned in Section 1.5, was “doping” colloidal catalysts with 
dopants like W, Nb, V, Co, to enhance their catalytic activities. “Doping” is studied as 
a method for catalysts tuning.  
• Finally, a comparative evaluation based on physical characterization and 
electrochemical performance of the different catalysts types was intended. 
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1.9 Outline of the thesis 
This work is divided in different tasks. The first task is to compare the colloidal 
synthesis pathways of nanocatalyst preparation including systematic characterization. Next 
task is to select advantageous electro-catalysts for PEMFC and DMFC electrodes. This thesis 
is divided in to the following subjects, 
Chapter 2 describes different physical examination techniques applied during this study.  
Chapter 3 outlines the “ Conditioning step” [reductive annealing]. The widely used catalyst 
support, i.e. Vulcan XC 72 is characterized. Finally, commercial Pt-ETEK and PtRu-ETEK 
(30 wt % metal loading) catalysts are characterized. 
Chapter 4 is devoted to the study of wet chemical synthesis of transition metal nanoparticles 
(especially Pt and Pt/Ru) in organic and in water phase. In organic phase different reduction 
methods e.g. [BEt3H]- are studied. The Tetraalkylammonium triorganohydroborate reduction 
method, which is now referred to, in the literature, as “Bönnemann’s method”[42], was 
investigated. Effects of NR4X protecting shell on particle properties and an extension called 
“Reverse addition” for particle size control will be presented. Further, Bönnemann method is 
compared with LiBEt3H reduction method and LiBH4 called ‘Sung’s method’ [63]. 
Additionally, another method of catalyst preparation based on the decomposition of 
organometallics in presence of either organoaluminium compounds or Armand’s ligand [64] 
(a versatile ionic ligand for Chlorine free colloidal catalyst preparation) is discussed. 
Synthesis and characterization of THF stabilized “dopants” [Nb x 0.3 THF]x  and [V x 0.3 
THF]x is also included in this section. Following water phase syntheses pathways are also 
discussed; Formaldehyde reduction, polyol, NaBH4, and Hydrogen reduction. Shape and size 
selective synthesis of Pt nanoparticles (in prismatic, and truncated octahedral shapes) via a 
new  “Seeding method”  [65] is presented. 
Chapter 5 is a comparative electrochemical study of colloidal catalysts prepared by the 
different wet chemical syntheses methods. Electrochemical investigations are discussed 
correlating the physical characteristics with the electrochemical performances of the catalysts.  
Chapter 6 this chapter evaluates the doping effects in catalyst preparation. The effect of a 
variety of transition metal ad-atoms on Pt or Pt/Ru surfaces e.g. W, Nb, V, and Co, is 
examined.  
Chapter 7; summary of the thesis is presented  
Chapter 8; and at the end of the thesis experimental part is described.  
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CHAPTER 2  
METHODS OF NANOPARTICLE  
CHARACTERIZATION  
 
 
2.1 General 
To exploit the full potentials that nanosystems offer, it is important to apply 
suitable methods of physical characterization. Characterization and manipulation of 
nanostructures require not only sensitivity and accuracy, but also atomic level resolution. In 
this chapter, various geometric and structural characterization methods that are most widely 
used in characterizing nanomaterials and nanostructures are discussed. For an example PtRu 
(1:1)-ETEK/Vulcan (Lot# A0370226, 30 wt.% metal loading) catalyst is characterized.  
 
2.2 TEM (Transmission Electron Microscopy) [1,2(a)]  
In catalytic research transmission electronic microscopy has been proved to be 
a versatile tool for characterization. Determination of particle size and distribution with this 
method is a routine analysis now. The TEM instrument used in the Max- Planck -Institut für 
Kohlenforschung is shown schematically in Fig. 2.1 [3]. The samples were investigated with 
Hitachi HF 2000 transmission electron microscope operating at 200 keV. The instrument is 
equipped with a cold field emission source of W(310) and capable of energy dispersive 
analysis. The objective lens was a high resolution/analytical type (15° specimen tilt) with a 
spherical aberration coefficient of 1.2 mm, giving a point resolution of  0.23 nm  and 
information limit of 0.16 nm. The microscope was fitted with a Voyager 1000/S EDX system 
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with a high angle take-off geometry of 68°, 0.037 sr solid angle and energy resolution for Mn 
of 140-143 eV. Spots as small as about 4 nm in diameter were analyzed in the present study 
(which allows to identify bimetallic structures). The samples were supported on a 6 nm thick 
Carbon film mounted on a Copper grid. 
During the analysis the weakening 
of the radiation, depending upon the 
dimensions of the sample, takes place. The 
electrons, which are not refracted form a 
two dimensional image of the sample, give 
so called “bright field image”. Electron 
beam is refracted more from a heavy atom 
with high atomic number compared with 
the light elements with lower atomic 
number. Metal particles are shown as dark 
points in TEM images. Atoms with high 
atomic numbers are contrasted well from 
the light background of supporting Carbon. 
Also the ligands and the protecting shells, 
which are usually made up of light metals, 
are not visible. The probe thickness should 
not be more than 1µm, otherwise the 
internal reflections in the sample make it 
impossible for the rays to penetrate through the sample. TEM and HRTEM are versatile tools 
for studying nanoparticles (>0.5 nm), which provide information about size and morphology 
of the particles. In this work, high-resolution transmission electron micrographs of the 
investigated Carbon supported catalysts were used to determine the particle size distributions 
of supported catalysts.  
To measure the particle size distribution the number distribution (ni vs. di) and 
the surface distribution (nidi² vs.di) are normally plotted. Surface distribution gives 
importance to those particles, which contribute more to the surface area of catalyst. This is 
particularly useful, as number distribution or average value based on number distribution may 
not give correct weight to the larger particles, which contribute, to the surface area. And as the 
activity of catalyst is studied, is proportional to its surface area, volume-area averaged 
diameter dVA (based on surface distribution) is more important.  Further knowing this, the 
α
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Fig.2.1. TEM Instrument HITACHI HF-2000 
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dispersion (ratio of number of surface atoms to the total number of atoms) can be calculated 
(Eq. 2.1) [2 (b)] 
 
 
                                                                                                          ...Eq. 2.1     
where v and s describe the volume and the area of an atom and all are given in ref. [2(c)], and 
ni the number of particles with size di.  
In following example a typical particle size distribution calculations for a PtRu-ETEK/Vulcan 
catalyst (30 wt. % metal loading) are given (Fig. 2.2 and Table 2.1). dNA, i.e a number 
average diameter is 3.18 nm, while volume-area average diameter dAV is 3.79 nm. Thus from 
the volume average particle size one can say that the particle of average 3.79 nm size are 
contributing more to the total metal surface area. While volume weighted average diameter dV 
is 4.72 nm. This value gives importance to the particles, which contribute more to the total 
volume of nanoparticles. Thus for catalytic purpose dAV  is most important.  
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Fig. 2.2 (a) TEM of Pt 50 Ru 50 -ETEK 
catalyst (total metal loading 30%) 
(b) Number average particle size 
distribution (n i  vs. d i ), d NA =3.18nm
(c) Volume-area average particle size 
distribution (n i  vs. n i d i ),d VA =3.79nm
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 Number average diameter (dNA)  = Σ ni x di / Σ ni = 235.68 / 74 = 3.18 nm 
 VOLUME-AREA AVERAGE DIAMETER (DVA) = Σ NI X DI3 / Σ NI X DI2 = 3128.35 / 823.25 = 3.79 NM 
 Volume weighted average diameter(dV) = Σ ni x di4 / Σ ni x di3 =14791.59 /3128.35 = 4.72 nm 
 Dispersion (D)= 32% 
 
 
 
 
Dispersion of these particles is 32%, i.e. 32% metal atoms are on the catalysts 
surface. In further sections particle size determination based on XRD analysis and 
Electrochemical analysis is given. dAV is important while comparing the particle size from 
electrochemical  measurements. While XRD analysis gives dV, this is given in next section of 
XRD analysis. Further, dV is particularly useful for determining the total number of atoms 
present in the particle with diameter of dV, assuming the spherical particle shape, by using 
following equation 2.2. Where r is the atomic radius. 
 
                                                            N= 0.74 dV3/ r3                                          ...Eq. 2.2      
 
2.3 EDX 
As mentioned above, the EDX detector is directly connected to the TEM 
instrument [3]. The EDX analysis is based upon the photoelectric effect. In which the high-
energy electrons are focused on the atoms, which in turn radiate X-rays. Each element is 
ni di ni xdi ni x di² ni x di³ ni x di4 
0 1.32 0 0 0 0 
9 1.82 16.38 29.8116 54.257112 98.7479438 
16 2.32 37.12 86.1184 199.794688 463.523676 
10 2.82 28.2 79.524 224.25768 632.406658 
17 3.32 56.44 187.3808 622.104256 2065.38613 
7 3.82 26.74 102.1468 390.200776 1490.56696 
8 4.32 34.56 149.2992 644.972544 2786.28139 
4 4.82 19.28 92.9296 447.920672 2158.97764 
1 5.32 5.32 28.3024 150.568768 801.025846 
2 5.82 11.64 67.7448 394.274736 2294.67896 
0 6.32 0 0 0 0 
 
Σ = 74 
 
42.02 
 
235.68 
 
823.2576 
 
3128.35123 
 
14791.5952 
Table 2.1. Particle size distribution and dNA , dVA ,dV, and D% calculations 
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connected with a characteristic X-ray emission, which gives the possibility of studying the 
sample properties. X-ray fluorescence is mostly dominated by the heavy elements, while the 
light elements deactivate through Auger process, which is used in AES. 
 
 By using energy dispersive X-ray detectors, emitted X-rays are detected. With 
the extreme focusing it is possible to attain the point analysis of 2 nm (EDX spot analysis). 
Thus it is possible to determine the particle composition on submicron level. EDX spot 
analysis gives a first indication on whether a particle is bimetallic or not. Quantitative 
elemental analysis is possible but not very reliable. For example EDX analysis of the PtRu-
ETEK catalyst is shown in Fig. 2.3, done from different sections of the catalyst (20 nm cross 
sections were used). Five different sections are shown in Fig. 2.3(a). EDX analyses of 2nd 
section is only shown in Fig. 2.3(b), while results for other sections have been tabulated in 
Table 2.2. It can be easily concluded that different sections show different atomic percentages 
of Pt and Ru, that means the elements are not distributed uniformly on the support surface or 
in other words there is considerable segregation of metals. Also in 3rd and 4th cross-sections, 
one can find approximately 1:1 at. % of Pt and Ru. This suggests that there can be alloying 
Spectrum C at % Pt at % Ru at %
1 - - - 
2 90.48 3.67  
3 93.56 3.22 3.22 
4 97.45 1.54 1.29 
5 - - - 
(a)
(b)
Table 2.2. Elemental mapping. 
 
Fig. 2.3. (a) 50 nm EDX cross-sections
for elemental mapping; (b) elemental
mapping from 2nd  section.. 
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between Pt and Ru in these cross-sections. While the EDX of section 1 shows only presence 
of Pt, indicating the phase segregation and absence of alloying. This type of information can 
prove important in determining the electro-catalytic activity. This analysis can be 
supplemented further with XPS data which help to have a clear perception of surface 
morphology and chemical changes taking place during the catalyst synthesis. Determination 
of the alloying based on XPS data is given in next section. Only limitation of the EDX 
analysis is the overlapping of certain elemental signals, for example Ru and Cl signals 
overlap and it is difficult to estimate their quantitative percentages in the catalysts. This can be 
crucial point, for example in fuel cells Cl is found to act as a poison suppressing the catalytic 
activity of  Pt-based electrode catalysts [4]. In such case XPS analyses prove to be helpful as 
Ru and Cl species can be detected. 
2.4 SEM [5] 
Scanning Electron Microscopy is carried out by rastering a narrow electron 
beam over the surface and detecting the yield of either secondary or back-scattered electrons 
as a function of the position of the primary beam. “Contrast” is caused by the orientation of 
the sample. Parts of the surface facing the detector appear brighter than the parts of the 
surface with their surface normal, pointing away from the detector. The ‘secondary electrons’ 
have mostly the low energies (~5 – 50 nm) and originate from the surface region of the 
sample. ‘Backscattered electrons’ come form the deeper and carry the information about the 
composition of the sample, because heavy elements are more efficient scatterer and appear 
brighter in the image. 
In this work, colloidal catalysts were investigated with the SEM instrument 
used in MPI für Kohlenforschung. This is a HITACHI S-3500N SEM instrument with EDX of 
Oxford Inca System. Samples were prepared on “Leit-Tab”. Imaging resolution was 5 nm. 
SEM analysis not only provides the information of the morphology and microstructures of the 
bulk and nanostructured materials but also provides detailed information about the chemical 
composition and distribution. 
Fig. 2.4. SEM, surface morphology of the PtRu-ETEK catalyst and elemental mapping 
of each element. 
                                                                                                                                                                                                         CHAPTER 2 
 23
For example SEM analysis of the PtRu-ETEK sample is given in Fig. 2.4, 
which shows bulk morphology of the catalyst and elemental mapping for C, Pt and Ru. One 
can clearly see the metal particulates distributed on the support surface as bright spots, 
indicating their well distribution on the carbon support. Thus one can have the important 
information of the structure and morphology of catalyst from SEM. Also similar to the EDX 
in TEM analyses one can perform EDX in SEM and get information about the elemental or 
weight percentage of elements. In above example elemental composition is Pt0.47Ru0.53/ 
Vulcan XC72 (total metal loading of 30 wt %). 
 
2.5 Powder Diffraction (XRD)  
X-rays have wavelength in the Ångström range, which is appropriate to cause 
diffraction for inorganic materials through crystal planes. These possible reflections are given 
by the Bragg equation.  
                                                               2d sinθ = nλ                                                    ...Eq. 2.3     
Where λ is the wavelength of X-rays, d is the distance between crystal planes and n gives the 
order of reflection. In the Debye-Scherrer method the powder samples are studied with 
monochromatic X-rays (mostly Cu Kα1). The sample is placed in a glass capillary tube (or 
Quartz capillary tube for high temperature measurements), which is rotated to remove any 
effect due to any preferred orientation of crystals. The position of the reflections is determined 
by the symmetry of the structure and the size of the unit cell. The intensities are influenced by 
the position of the atoms and the nature of the scattering elements. The two variables in a 
powder diagram are the position of reflections and their intensity. The d-value is the 
perpendicular distance between two parallel crystal planes with indices (h,k,l), and is 
calculated from the following formula, 
e. g. For cubic crystal                         1/d2 =   h2 +k2 +l2 /a2                                        ...Eq. 2.4     
 
Clear diffraction peaks are observed when the crystal has a sufficient long 
range order. When working with a powdered sample such as a supported catalyst, the particles 
are randomly oriented. A diffraction pattern occurs, because a small fraction of the particles 
will be correctly oriented at the right angle that incidentally underlay constructive 
interference. To enhance the number of particles that contribute to diffraction the sample is 
rotated during the measurement. The particles of the supported catalyst possess a long-range 
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L = 0.9 ·λ ß(2θ) ·cosθ
order, but the size of the ordered domains is small and therefore peak-broadening is observed. 
This peak broadening, however, can be used to determine the mean particle size, L, according 
to the Scherrer equation (Eq. 2.5) [6(b)]. 
                                                                                             
 
                                                                                                                                       ...Eq. 2.5 
With ß(2θ) is the integral breadth of the peak. The particle size obtained from 
this breadth gives an average diameter, which is comparable to the dV (volume-weighted 
diameter) determined in TEM analysis [2(c)]. Therefore one should be very careful while 
comparing the particle size data from XRD and TEM. One should not compare Number 
averaged diameter i.e. dNA obtained from TEM with Volume-weighted diameter, dV obtained 
from XRD analyses.  Further the limit for particle size determination based on the line 
broadening analysis is 2 nm to the lowest, while particles greater than 100 nm should not be 
measured by line broadening analysis (LBA). This is because Scherrer formula assumes that 
small crystallite size is the sole source of the broadening of the diffraction profile. 
20 40 60 80 100
2Theta/° 
 PtRu-ETEK (30  wt %) 
 Pt-ETEK (30  wt %) 
                300 S 
(100)
(111) 
Fig. 2.5. XRD patterns of Pt-ETEK (30 wt% metal loading) and PtRu-ETEK(30 wt % 
total metal loding. The time for XRD analyses is given in the diagram up, right corner. 
(Vertical lines represent peak positions for Pt f.c.c lattice) 
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For bimetallic catalysts the peak position also carries information about the 
catalyst composition. If two metals form a homogeneous solid solution, the unit cell constant 
depends linearly on the composition (according to Vegard’s law) [6(c), and section 2.5.1]. 
During this work the phase identification and the determination of the unit cell parameter was 
performed from the data measured with a STOE STADI P transmission diffractometer in 
Debye-Scherrer geometry with a primary monochromator of curved Germanium (111) and a 
linear position sensitive detector. CuKα1: 1.54060 Å radiations is used. The data are collected 
mostly in the range between 15 to 90° 2θ, with a step width of 0.01° 2θ, counting time 
dependent on data quality.  
For measuring air sensitive samples, samples are filled into glass capillaries in 
a glove box. Further, for determination of the lattice parameters, in special cases an internal 
standard Si 640C was used. The measured XRD patterns were evaluated qualitatively by 
comparison with entries from PDF-2 powder pattern database. Due to the different atomic 
radii of Pt and Ru, the cell parameters of the alloys differ from the pure compounds.  
For example XRD analysis of the PtRu-ETEK/ Vulcan sample is given in Fig. 
2.5.  To show the changes in the 2Theta/°, XRD sample of commercially available Pt-
ETEK(30 wt % metal loading) is also shown in the figure, measured under similar conditions. 
The particle size of PtRu-ETEK /Vulcan XC 72 is 4 nm (based on 3 
reflections). This value is higher than the volume weighted diameter dV of ~ 4.7 nm obtained 
from TEM analysis. This difference could be due to the fact, that XRD and TEM analyze 
different features of a sample. Further, lattice parameters obtained for PtRu-catalysts show 
shifts in the absolute values, as indicated in the XRD patterns in Fig. 2.5, compared to the 
pure Pt catalyst. The lattice parameters obtained is 3.88Å, compared to 3.916Å for pure 
supported Pt and 3.923Å for unsupported pure Pt [7(a)]. The changed lattice parameters 
indicate the incorporation of Ru atoms into the Pt lattice to form an alloyed PtRu phase [7(b)]. 
From Vegards law 32% of Ru is present in the Pt crystal lattice giving the alloying extent of 
Pt/Ru: 68/32 i.e. Pt17 at%Ru8 at%. 
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2.5.1 Vegard’s law 
 
Vegard’s law states that 
unit cell parameters should 
change linearly with the 
composition of the solid solution 
of more than one compound 
The basic assumptions 
of Vegard’s law are: 
(1) the solid solution is formed 
by simple substitution and  
(2) unit cell sizes are governed 
by  relative sizes of atoms or 
ions. 
Vegard’s law can be used to determine compositions of solid solutions from X-
ray powder diffraction pattern. While using Vegard’s law, we can plot either d-spacing, length 
of individual cell axis (or even unit cell volumes) against the composition. 
During this work mostly PtRu catalysts are studied. The Vegard’s law in this 
case is given in Fig. 2.6 [7(c)]. It shows the dependence of the lattice parameters of the f.c.c. 
structure on the Ru content of the sample. From the graph it is clear that the lattice constant of 
3.88 Å for the PtRu-ETEK catalyst (Fig. 2.5), corresponds to 32% Ru atom incorporated in Pt 
f.c.c. lattice. 
 
2.6 X ray photoelectron spectroscopy (XPS) 
XPS is a surface sensitive technique [1], which provides information on the 
elemental composition, the oxidation state of the elements and in favorable cases on the 
dispersion of one phase over another. XPS is based on the photoelectric effect. An atom 
absorbs a photon of the energy hν; and a photoelectron with the binding energy Eb is ejected. 
The kinetic energy Ek, of the photoelectron is given by, 
                                                      Ek  =   hν  -  Eb  -φ                                                   ...Eq. 2.6            
By measuring the kinetic energy, binding energies are estimated which give 
information about different atomic excitation and subsequently the surface of the sample. 
During this work XPS measurements were done on a Kratos HSi spectrometer with a 127mm 
 o
Fig. 2.6 shows relation between the lattice
constants of PtRu alloy and the Ru
incorporated in the Ptfcc lattice in at. %. 
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hemispherical analyser. The instrument has 5 channeltrons as detection system. The sample in 
the ultra high vacuum is irradiated by monochromatic AlKα radiation of 1486,6 eV. Charge 
compensation is done by a combination of low energy electrons and a magnetic immersion 
lens. Pass energy for survey scans is 160eV and for narrow scans is 40eV; using C1s peak at 
285eV energy calibration is done. XPS analyses of PtRu-ETEK catalyst was followed to 
acquire information about oxidation state, surface alloying. The results of the XPS analysis 
are presented in Table 2.3. It was found that Ru exists as Ru0 and Ru3+ states, the ratio of 
Ru0:Ru3+ : 75:25. The quantitative analysis of the surface of the nanoparticles showed, 
Pt:Ru:O in 17:25:58 at %. Or in other words, surface analysis shows Pt/Ru as 40/60 (at %) 
alloy.  
  
 
 
 
 
 
 
Thus XPS analysis provides information about the surface species and is very 
useful to explain the mechanistic details of the catalytic performance of the catalysts 
(specially in electrocatalytic studies of PEMFC/DMFC fuel cell catalysts where ad-atoms 
play important role in enhancing the catalytic activity of Pt [8]). 
 
 2.7 Gas adsorption [9(a)] 
Physical and chemical adsorption isotherm is a powerful technique determining 
the surface area and characteristic sizes of particles and porous structures regardless of their 
chemical composition and crystal structures. The chemisorption of diatomic molecules such 
as H2, O2, N2, NO or CO is a fundamental step in the heterogeneous catalysis [9(b)]. The 
suffix “sorption” comes from McBain from 1909, while adsorption studies began with Scheele 
since 1773. In 1916 Langmuir [9(c)] discovered the famous isotherm known after his name, 
which is valid for monolayer adsorption of adsorptive. In 1930’s Brunauer, Emmet and Teller 
 Binding Energy / eV Oxidation state 
Ru 3d5/2 280.9 Ru0 
Ru 3d5/2 282.8 RuO3 
Pt 4f7/2 71.4 Pt0 
Table 2.3. Binding Energies of different elements
detected in PtRu-ETEK sample by XPS. 
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θ = p/p°
1+ p /p°
[10-11] expanded the Langmuir model to a multifaceted model and developed the BET 
isotherm, which is used till today for the determination of specific surface area of the catalyst. 
 
 
 
Fig. 2.7     a) Langmuir adsorption model.                         b) BET adsorption model. 
 
 
The Langmuir equation:                                                       
                                      
                                                                                                                                                          
                                                                              
                                                                                                                                        ...Eq. 2.7           
θ = coverage, p = pressure, p° = saturation  pressure. 
 
That is a special case of BET equation, 
                                                                                                                                                   
     
 
                                                                                                                                      ...Eq. 2.8                
V= adsorbed volume, VM = volume of a monolayer, c= numbers of monolayers.                                              
Adsorption may be either physical or chemical in nature. Physical adsorption is 
particularly useful in the determination of specific surface area and pore volume in 
mesoporous (2~50 nm) or microporouss (<2nm) materials. When a vapor of condensable gas 
is brought in contact with the porous media at constant temperature several mechanisms of 
adsorption occur successively on the inner surface of the pore as the relative pressure 
increases from zero to unity. With increasing relative vapor pressure first a monomolecular 
layer is formed on the inner surface of the pores. As the relative vapor pressure increases 
further, a multi-molecular layer starts to form. Pore volume is based on the assumption that all 
pores are filled up through capillary condensation. Through adsorption of Nitrogen at 77K the 
BET surface area and the pore size distribution of the solid state is determined. Specific 
surface area  as [BET] is then obtained from θ, coverage as , 
                                                          as = θ x L x am                                                                ...  Eq. 2.9        
   p 
1- p /p°
 θ = V/ VM = 1
c-1
c c +
 p
p0
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where L is the Avogadro number and am (for Nitrogen 0.162 nm²) is molecular cross sectional 
area. 
From the Kelvin equation the relative pressure is directly obtained from capillary radius, 
 
                                 
                                                                                                                                     …Eq. 2.10 
γ = surface tension, R = gas constant, rk = capillary radius. 
The pore volume can be determined from Barett, Joyner and Halenda [12] equation for the 
desorption of a adsorbate in following condition, 
(i) The pores are open from one side and cylindrical, (ii) All pores have the 
same radius, (iii) All pores are filled and (iv) the adsorbate is of equal weight in gas phase and 
with the adsorbent in two mechanisms bound, a) physical adsorption on the pore walls and b) 
capillary condensation in inner capillary volumes. 
                                                                         
 
                                                                         
                                                                                                                                                            .. …Eq. 2.11 
Vpn= pore volume for n pores,            
Vn = observed desorption volume 
Rn = rpn2 /( rkn +∆tn )2  
Apj  = middle pore surface area, c = constant                                                                           
 
The BET analyses are done on Micrometrics ASAP 2000 Instrument during 
this work. Comparison of catalyst surface areas is a possible through these measurements. In 
previous example, the PtRu-ETEK catalyst shows high surface area of 187 m²/g. 
 
2.8 The Rotating Disk Electrode 
The possibility to carry out electrochemical measurements under defined mass-
transport conditions is working with rotating electrodes (e.g. disks, rings, or cylinders) 
[13,14], which induce a forced convective mass-flow in the electrolyte. For every single 
rpn = radius of the n 
th pore,     
 rkn = capillary radius of the n
th pore,   
∆tn = reduction in the layer thickness
of the physisorbed layer on the pore
walls     
                                         n =1 
Vpn = Rn∆Vn –Rnc∆t   Σ  Apj     
 
ln  p /p° =
-2γV
 
RTrk
-4.14 
 
rk 
=
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H2/CO 
system, however, a (non-trivial) hydrodynamic problem has to be solved (i.e. determination of 
solution flow velocity profiles as function of rotation rates, solution viscosities, and densities). 
The most convenient and widely used system involves the rotating disk electrode, for which 
the hydrodynamic equations (T. von Kármán, 1921) and the convective-diffusion equation 
(V.G. Levich, 1942) have been solved for steady-state conditions [15]. A schematical RDE is 
sketched in Fig. 2.8. The RDE consists of a smooth circular electrode embedded in an 
insulator. The electrode surface normal, z, denotes the rotation axis. While rotating, the 
electrode acts like a pump, sucking the electrolyte to its surface and propelling it outwards  
 
insulator
disc electrode
   streamlines (side view)
streamlines (top view)
 
Fig. 2.8. (a) Sketch of a rotating disk electrode (RDE) with the schematical streamlines (top 
and side view) in the electrolyte, and (b) Colored image: RDE under H2/CO flow. Z denotes 
the rotation axis.  
 
radially, following the streamlines illustrated in Fig. 2.8. Knowing the velocities in vertical 
and radial direction allows the determination of the mass-transport rate to the disk surface 
through a diffusion layer with thickness, δRDE, calculated according to Eq. 2.12. 
                                                        δRDE =1.61  · ν1/3 ·D1/3 · ω-1/2                                …Eq. 2.12 
 
where ν, D and ω denote the kinematic viscosity of the electrolyte, the diffusion coefficient of 
the reactant in the electrolyte, and the angular velocity or rotation rate of the electrode (in 
rad/s), respectively. According to Eq. 2.12 the thickness of the RDE diffusion layer only 
depends on the rotation rate, in contrast to the diffusion layer thickness of a stationary 
Rotating disc 
electrode 
(a)  (b)  
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electrode, which grows with time (tstationary ∝ δ1/2  [11]) into the electrolyte until natural 
convection becomes controlling. Therefore, the thickness of the diffusion layer on a RDE is 
roughly one to two orders of magnitudes smaller than on a stationary electrode (≈20µm vs. 
≈500µm [12]). Assuming Fick's Law, the diffusion-limited current on an electrode can be 
described as a function of the diffusion layer thickness,  
 
                                                                                             …Eq 2.13 
 
with n, F, and c0 being the number of involved electrons in the reaction, the Faraday constant 
and the bulk concentration of the reactant, respectively. Combining, Eqs. 2.13 and 2.14 one 
obtains the Levich-Equation for the diffusion-limited current on a RDE, Id, RDE.  
 
                                                                                                                                    …Eq. 2.14 
 
 
Which in contrast to a stationary electrode, does not contain any time-
dependence and is only determined by the rotation rate (ω) of the electrode. B denotes the so-
called Levich constant.  
 
2.8.1 CO-stripping voltametry [15] 
CO-stripping voltametry is a versatile method to determine the active surface 
area, particle size, dispersion and overall activity of the electrocatalyst. A typical CO-
stripping curve of colloidal Pt-ETEK/Vulcan (30 wt.%) and PtRu (1:1) ETEK/Vulcan (30 
wt.%) catalysts are shown in Fig. 2.9. In the Pt-catalyst’s base CV, one can easily detect (100) 
and (110) Pt crystal plane contribution in Hydrogen adsorption- desorption region. Further, 
CO-stripping peak where CO is oxidized is indicated. Where this oxidation begins is called as 
Onset potential. It is clearly visible that the onset potential for PtRu catalyst is around 0.47 V 
vs. RHE, which is, shifted 0.23 V compared to the Pt catalyst, at 0.8 V. This means that CO-
oxidation starts earlier with PtRu catalyst.  This has a significance as CO reduces the catalytic 
efficiency of PEMFC/DMFCs, early CO-oxidation means surface is free for Hydrogen for 
adsorption and higher efficiencies [8]. Thus while looking for a good catalyst by CO-stripping 
one looks first at the onset potential value. The next step is the calculation of electrochemical 
surface area and particle size. For this purpose first CO-stripping charge was calculated by 
Id = n· A ·F· c0 ·  Dδ
Id,RDE = 0.620 · n · A · F · D2/3 · í-1/6 · c0 ·ω1/2 = B · c0 ·ω1/2  
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integrating the area under the CO-stripping curve. It was assumed that the CO-monolayer was 
adsorbed on the Pt surface; the estimated monolayer coverage of CO is 0.68 on the Pt surface.   
Further, CO monolayer coverage decreases with the amount of Ru content in 
the nanoparticle lattice [16]. Also the CO-adsorption charge is accepted as 420 µC cm-2 
surfaces as the measure of, nearly a monolayer, adsorbed CO on polycrystalline Platinum. 
Surface [17]. This is the normalization factor for surface area calculations. It is suitable to 
measure the particle size only in Pt or PtRu catalysts, as the mechanism of electrocatalysis in 
these cases is well known. 
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Fig. 2.9. Comparison of CO-stripping curves of Pt-ETEK and PtRu-ETEK catalysts. In
Pt-catalyst Hydrogen adsorption-desorption region as well as CO-oxidation region is
indicated. Also presence of distinct peaks corresponding to CO-oxidation on (110) and
(100) crystal planes is also marked. In case of PtRu-catalyst there is clear shift of CO-
oxidation peak compared to Pt-catalyst. Also the absence of different crystal planes in,
Hydrogen adsorption-desorption region is clear. Further in both voltammograms onset
potential is also designated. 
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While if trimetallic systems for other metals like Mo, Sn, W is used then this 
particle size measurements fails as how exactly the catalyst mechanistically behaves is almost 
not clear. Further in case of PtRu catalysts also it is better to consider only the Pt metal 
loading while doing calculations. In the following example of PtRu-ETEK catalyst, the CO-
oxidation charge is 1.4 mC cm-2. Based on this specific surface area of catalyst for Hydrogen 
oxidation is calculated as, 
 
                 Pt Electrode surface area (EA) =  Charge (mC)/ 0.42 x 0.68                   …Eq. 2.15 
                                                                     = 1.4/ 0.42x 0.68 = 4.9 cm² 
                      Specific surface area (SA)    =  EA / Pt metal loading                         …Eq. 2.16 
In the above example, 10 microlitre sample of 2.5 mg catalyst/ ml suspension is loaded. As 
the catalyst contains 30 wt % total (Pt:Ru, 1:1) metal loading, and 20 wt % Pt loadinga  on 
electrode Pt metal loading is 5.4 x 10-6 g. 
                                       SA =  4.9/ (5.4 x 10-6) = 0.9 x10-6 cm²/g= 90 m²/gPt 
                 Particle size (de) = 6 x Volume of Pt loaded / (EA) electrode area of Pt 
                                             = 6 / SA x Pt density = 6/ SA x 21.4…                          …Eq. 2.17 
                                             = 6/(0.9 x 10-6 ) x 21.4 = 0.31 x10-6 cm= 3.1 nm 
 
This is well in agreement with the particle size obtained from the TEM 
measurements, 3.79 nm (dVA). The lower particle size obtained from electrochemical analysis 
shows that there can be some disagreement with the data obtained this way, as the other 
mechanistic factors of CO-oxidation or different roles played by various factors like; particle 
shape, temperature can affect these calculations. But the estimation can be useful in the range 
of ± 1 nm. Thus one can determine the activity of catalyst by knowing the onset potential, 
specific surface area and particle size for CO-stripping experiments. Further, methanol 
oxidation curves are also useful to check the activity of catalysts for methanol oxidation. But 
this is less useful than CO-stripping for further analysis of specific surface area and the 
particle size of the nanocatalyst. The only useful information one can have at first hand is the 
onset potential and the highest current density for methanol oxidation.   
 
 
 
 
                                                 
a Pt has molecular weight of  195 and Ru has 101, it means in 1:1 at % PtRu alloy, has 2:1 wt% of Pt:Ru. 
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2.9 Differential Electrochemical Mass Spectrometry (DEMS) 
 
The combination of cyclic voltammetry and on-line mass spectrometry is a 
powerful tool for the study of electrochemical processes such as the electrooxidation of small 
organic molecules on polycrystalline as well as on single crystal electrodes [18-23]. The 
possibility of measuring electrochemical reaction products by connecting an electrochemical 
cell to a mass spectrometer was first suggested by Bruckenstein and Gadde [23]. In order to 
emphasize the fact that the mass signal is instantaneously changing if the Faradaic current 
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Fig. 2.10. (a) Schematic representation of
the DEMS-setup built in the framework
of this thesis. EC = electrochemical cell,
V = open/close valve, P = vacuum gauge,
TMP = turbomolecular pump, QMS =
quadrupole mass spectrometer, IC = inlet
chamber, AC = analyzing chamber, A =
aperture.(b) Shows CO-oxidation
voltammogram of Pt-ETEK catalyst
obtained in DEMS and mass
spectrometric signal at m/z=44 (CO2) are
given 
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does, the authors called this technique Differential Electrochemical Mass Spectrometry 
(DEMS). 
In the following, work many samples have been analyzed by the DEMS set-up 
built by Behm group in Ulm university. The details of the setup are available elsewhere [18]. 
A schematic presentation of the DEMS setup is shown in Fig. 2.10(a). 
This is a versatile method to follow reactions on well defined, supported 
catalyst coated model electrodes, both for discontinuous reactions, e.g. CO-stripping, and for 
reactions under continuous conditions. In the DEMS apparatus experiments were performed 
using a thin-layer flow-through cell with a thin film electode, which allows in situ 
measurements on supported catalysts under controlled mass flow conditions. It is based on a 
differentially pumped two chamber system with a balzars QMS 112 quadruple mass 
spectrometer, a Pine instruments potentiostat and a computerized data acquisition system. A 
typical DEMS CO-stripping voltammogram for Pt-ETEK catalyst, and MS signal related to 
the species generated during the reaction are shown in Fig. 2.10(b). For more details about 
DEMS, the reader is referred to two review articles about this technique [24, 25]. 
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2.10 Synopsis 
Table 2.4 shows different methods of colloid and nanocatalyst characterization 
applied during this work, and the information acquired form these different techniques. 
Characterization Method Acquired information 
TEM 
Particle shape and size distribution, number average diameter dNA, 
volume- area averaged diameter dVA, volume-weighted average 
diameter dV, dispersion, 
EDX 
Quantitative elemental composition of individual nanoparticles, 
alloying, phase segregation 
SEM Elemental mapping or distribution, quantitative elemental analysis 
XRD Volume weighted average diameter dV, alloying 
XPS 
Elemental surface composition, oxidation states of elements, 
quantitative elemental composition of nanoparticle surfaces, alloying, 
presence of impurities 
CV and DEMS 
Electroactivity of catalysts for Hydrogen, methanol electrooxidation, 
or Oxygen reduction, electroactive surface area of catalyst, volume-
area average diameter dVA, mechanism of electrocatalysis, mass 
spectrometric analysis (only for DEMS) 
Table 2.4. A survey of physical and chemical characterization techniques 
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CHAPTER 3 
CONDITIONING; COMMERCIAL VULCAN SUPPORT 
AND PT-ETEK, PTRU-ETEK CATALYSTS 
 
 
3.1 General 
Catalyst “Conditioning” is 
a crucial step in “precursor concept” of 
heterogeneous catalyst preparation [1]. It 
causes thermal decomposition of the 
protecting shell or removal of the 
impurities on the catalyst surface [2]. It is 
applied normally to remove the protecting 
shell, which interacts with particle surface 
and could reduce its electroactivity [3]. 
The catalytic activity is strongly affected 
by the surface species or impurities on the 
catalyst’s surface [4]. Therefore it is 
necessary to make the surface free of 
impurities. Conditioning has very clear 
indicative advantages in fuel cell catalysis 
[2] where hydrogen or methanol oxidation activity is strongly dependent upon the impurities 
such as Chlorine present on the nanoparticle surfaces [5]. For example 20% Rh @ Vulcan 
Fig. 3.1. 20% Rh @ Vulcan Relative Activity
determined by H2-Sorption. 
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Relative Activity determined by H2-sorption [6] is shown for conditioned and as prepared 
catalyst is shown in the Fig. 3.1. 
In following work colloidal transition metal nanoparticles were supported in 
suitable solvent exclusively on the Vulcan XC 72 carbon support. The apparatus and 
procedure for conditioning is described in schematically Fig. 3.2. Most of the sterically 
stabilised colloidal catalysts in this work are subjected to conditioning at ~300°C.  
 
3.1 1 Conditioning of the supported catalyst 
The conditioning involves three mandatory steps of reactively annealing the sample at 300oC: 
1. With Argon (10 NL/hr at 1.2 bar pressure) for 30 minutes to remove most of the 
protecting shell.  
2. With Oxygen/Argon (3.5 vol % O2 in Argon; 10 NL/hr, 1.2 bar pressure) to oxidatively 
remove any organic impurity on the surface of the catalyst for 30 min. 
3. The purge was then replaced by Hydrogen with an interspersion of Argon for 5 
minutes. This was done to reduce the surface oxidized metal to have a clean surface. 
After purging Hydrogen (30 min; 10 NL/hr), the purge gas was again changed to 
Argon (5 minutes).  
After these three steps, the sample tube was taken off, cooled to room temperature, sample 
downloaded. If the sample was air sensitive, the sample was transferred into and out of the 
sample tube under Argon. 
 
3.2 Description of the apparatus [7] 
The conditioning apparatus has been schematically shown in Fig. 3.2. The 
heart of the conditioning apparatus consists of an heating jacket of nearly a meter length with 
an insulated outer jacket for the heating elements. The inner quartz tube falls against the 
sample tube to be inserted. The temperature of the inner and the outer are measured with the 
aid of temperature regulators. In between the inner quartz tube and the outer jacket lies the 
purge gas line (marked by a long wavy line) before entering the sample tube (through V4). 
This is done to heat the purge gas before it enters the sample tube. The quartz 
sample tube is fitted with a metal connector (V5) to the gas line (through FS1 to V4) where 
the desired gas is entering the system. A flexible connection was introduced here and at the 
exit (marked by small wavy lines). The metal connector is fitted on to the line with the aid of 
vacuum (V9). The three gases used for purging are connected through 3 way joints (D1 and 
D2) from where the flow can also be regulated.  The effluent gas is taken away (along with 
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organic volatiles) through the vent (V6 and V7) connected at the other end of the sample tube. 
Conditioning step many times causes increase in particle sizes due to heating [3]. Also surface 
restructuring does take place [6]. At high temperature phase segregation also occurs. As phase 
segregation is the one of the pathways to decrease the Gibbs free energy [9]. 
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Fig. 3.2. Schematical sketch of catalyst conditioning set up. 
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3.3 Commercial Vulcan XC 72 R support characterization 
 
 
Vulcan XC 72R is the commercially available high area carbon support 
suitable for fuel catalysts preparations. This carbon is highly porous and exhibits high surface 
area of 250 m²/g. It acts both as filler increasing the surface area of nanoparticle catalysts, and 
also its conductivity makes it important in FC catalysis. 
This typical nano-sized Vulcan shows particles of 20-40 nm Fig. 3.3(b). 
Further, we checked its stability to heat. This is important as we follow conditioning step at 
high temperatures. TGA analysis is shown in Fig. 3.3(a). Heating rate is 10°C/min. It was 
(a) 
(b (c) 
Fig. 3.3. (a) TGA analysis of Vulcan XC 72 carbon support and (b) TEM picture of
typical Vulcan supported Pt nanocatalyst. Particle size of Vulcan particles is 30-50 nm
(c) EDX analysis of the catalysts, shows high Sulphur content in the range of 3-6 wt.% 
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found that the Vulcan is stable till 500°C after which it starts decomposing by oxidizing to 
CO2. Thus 500°C is the limit for the conditioning the supported colloidal catalysts 
Further, there is presence of Sulphur to quite higher percentage on the Vulcan 
surface, which acts as the poison in fuel cell catalysis [10]. EDX shown in the Fig. 3.2(c) of 
Vulcan supported catalyst, which was prepared from Sulphur free precursors, indicates high 
percentage of Sulphur content (6 wt %) originating from Vulcan support. 
 
3.4 Commercial Pt and Pt/Ru ETEK-catalysts characterization  
During this work colloidal catalysts prepared from different methods were 
compared with the commercial catalysts for their electrochemical activities and other 
properties like particle size, distribution, alloying (in case of bimetallic catalysts). A few 
details about the ETEK catalysts are available in literature [11]. But most of these catalysts 
are 10, 20 and 40 wt.% loaded. While in the present study all the comparisons were done 
w.r.t. 30 wt% total metal loading commercial samples. Further, new high activity ETEK-
catalysts is recently made available which are more active than the previous catalysts. In the 
following section Pt-ETEK (30 wt. %) and PtRu (30 wt. %) catalysts are characterized with 
TEM, XRD, XPS, and also electrochemically. Fig. 3.4 shows TEM micrographs of Pt- ETEK 
and PtRu-ETEK catalysts both with 30 wt.% loading. The average particle size of Pt particles 
was found to be 3.54 nm while of PtRu was found to 3.1 nm. Phase segregation was also 
obtained in case of Pt and Ru particles in Pt-Ru sample, in EDX analysis. EDX and XRD data 
is presented in section 2.2-2.5. in chapter 2. Further, lattice parameter calculated in XRD was 
3.88 Å for PtRu sample, which is shifted, compared to 3.93 Å for Pt sample. This indicates 
alloying between Pt and Ru. Alloying was estimated to be Pt/Ru: 68/32, i.e. 32 at.a % Ru 
incorporated in Pt lattice. Particle size calculated by Scherrer equation is found to comparable 
to TEM particle sizes.  
XPS analyses of PtRu-ETEK catalyst were followed to acquire information 
about oxidation state, surface alloying. XPS analyses are presented in the Table 3.1. It was 
found that Ru exists as Ru0 and RuO3 states, the ratio of Ru0:Ru3+ : 75:25. While quantitative 
analysis of nanoparticle’s surface showed, Pt:Ru:O in 17:25:58 at %. Or in other words, 
surface analysis shows Pt/Ru as 40/60 (at. %) alloy. Electrochemical analysis based on CO-
stripping also presented in section 2.8.1 in chapter 2. 
                                                 
a  at. % stands for atomic percent, while wt.% for weight percent, Alloying was estimated by Vegard’s law, given 
in section 2.5.1 
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The point worth mentioning here is the behavior of this catalyst after repeated 
cycles in cyclic voltametric studies. It was found that after few cycles in Cyclic voltametry, 
according to TEM analysis Pt nanoparticles are found to be agglomerated.  Particle size 
increases from ~3 nm to 10-15 nm. This is important point to be noted for comparative 
analysis of the catalysts during testing of catalysts for fuel cell electrodes. Fig. 3.5 shows 
TEM analysis of the catalysts after 5 cycles during cyclic voltametric scana.  
 
 
 
                                                 
a Cyclic voltametric scans were performed at 50 mV/s scan rates, in 0.5 M H2SO4 electrolyte 
Pt-ETEK (30 wt%)
d  = 3.54 nm, d VA = 3.9 nm, d V = 3.9 nm, 
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Fig. 3.4. TEM analysis of (a) PtRu-ETEK and (b) Pt-ETEK (30 wt% loading). 
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Table 3.1. XPS analysis of PtRu-
ETEK catalyst 
 
 
 
Fig. 3.5. TEM ofPt-ETEK catalyst 
after 5 cycles of Cyclic voltametry 
scans. Particles are agglomerated with 
broad particle size distribution 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Binding Energy / eV Oxidation state 
Ru 3d5/2 280.9 Ru0 
Ru 3d5/2 282.8 RuO3 
Pt 4f7/2 71.4 Pt0 
 CONDITIONING; COMMERCIAL VULCAN    
 46
3.5 Synopsis 
Commercially available carbon support, Vulcan XC 72 that was used through 
out this work was studied for its thermal stability. It was found that Vulcan XC72 was stable 
below 500°C and decomposed above this temperature by oxidation. TEM analysis showed 
20-50 nm carbon particles. Surface area obtained by BET measurements (238m²/g) was 
comparable to 250 m²/g commercial value. EDX analysis showed high Sulphur content in the 
range from 6%. 
Newly available Pt-ETEK(30 wt.%) and PtRu-ETEK (30 wt.%) commercial 
catalysts were studied by TEM, XRD and XPS and CV analysis. Following, conclusions 
could be drawn based on the analyses performed. Pt-ETEK catalysts showed, average ~3.54 
nm particle size while PtRu particles were smaller of ~3.18 nm size. The PtRu catalyst surface 
was Ru rich than the bulk of nanoparticle (on surface Pt/Ru: 40/60 at. %). Ruthenium was 
present as Ru0 and Ru3+(oxide), while Pt was present as Pt0 oxidation state. Ru-Oxide is X-ray 
amorphous (particle size < 1nm) or not crystalline and was not observed in XRD. From the 
lattice constant shift alloying of Pt and Ru was estimated and the catalyst was designated as 
Pt17at%Ru8at%. Further, electrochemical analysis on the commercial catalysts showed that PtRu 
catalyst has about 0.3 V early onset of CO-oxidation. Different crystal planes of Pt f.c.c. 
lattice; (110) and (100) are clearly visible in hydrogen adsorption-desorption region. While 
this region was not distinct in PtRu-catalysts. Further, after 5 cycles in CV Pt/ETEK catalysts 
showed considerable agglomeration of Pt particles, increasing the particle size from averge 
~3.5 nm to 10-15 nm.  
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CHAPTER 4 
WET CHEMICAL SYNTHESES OF COLLOIDAL 
CATALYSTS  
 
 
 
 
4.1 Wet chemical synthesis  
Several research groups have evaluated the catalytic applications of supported 
metal colloids in the past few years [1 and ref.s therein]. Metal particles in the size range of 1-10 
nm can be prepared in colloidal state by wet chemical reduction methods. In contrast to 
conventional impregnation or precipitation methods these precursors may be tailored 
independent of the support with respect to the size composition and structure of the particles. 
In this chapter a variety of wet chemical syntheses methods studied are optimized for the 
preparation of colloidal PEMFC and DMFC catalysts. Salt reduction methods are applied in 
organic phase and in water phase. 
 
4.2 Synthesis in organic solvents 
In the following sections different borohydride reduction methods and 
decomposition of organometallic precursors have been evaluated for colloid preparation. 
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4.3 Borohydride reduction method  
4.3.1 Tetraalkylammonium triorganohydroborate reduction method 
The method was introduced in section 1.7. Tetraalkylammonium 
triorganohydroborates act as powerful in-situ reducing agents and simultaneously effective 
stabilizing agents. The resulting colloids are isolated in very stable, high concentration and 
redispersible solid form. The general reaction for this method is given in Eq. 4.1. 
MXv  + NR4(BEt3 H)             THF      M-Colloid + v NR4X + v BEt3 + v/2 H2 ↑              …Eq. 4.1 
M = metals of group 6-11; X = Cl, Br.; V= 1, 2, 3; and R= alkyl, C6-C20 
The preparation value of this method has been examined thoroughly previously 
[ref. 44 in chapter 1]. In the following study as optimization is described. The objective is as 
follow, 
(1) In the NR4X- stabilized colloids, NR4X is anchored on the metal surface via 
Cl atoms [2], 
(2) In essence XANES, MIES, UPS studies have proved that not all of the 
NR4X groups, liberated, as shown in Eq. 4.1, are bound to the colloidal metal surface, i.e. that 
there is an excess of protecting shell in the colloidal solution. This raises the question, 
whether the amount of stabilizing agent could be decreased, to avoid further contamination of 
the colloidal catalysts prepared from these colloids. 
Excess of protecting shell has to be removed with repeated leaching and 
washing steps using suitable mixtures of polar-nonpolar solvents, e.g., ethanol-THF in 1:1 
molar ratio. Further, to activate the nanoparticle surface the protecting shell has to be removed 
completely. This is done by “conditioning” [3] (see chapter 3).  
 
4.3.1.1 The NR4X amount required for stabilization 
Conditioning at higher temperatures can alter the properties of nanoparticles in 
irreversible and non-controllable way e.g. an increase in particle size and shape 
transformation or surface melting is usually observed [4]. Moreover it was found that 
conditioning of NR4X- stabilized colloidal catalysts leads to the contamination of catalyst 
with Chlorine impurities. Chloride anions are strongly adsorbed on the Pt crystallites, which 
dramatically affect the kinetics of electro catalytic reactions, e.g. Oxidation of small organic 
molecules or Oxygen reduction [5]. It was found that presence of chloride lowers the catalytic 
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activity of PEMFC fuel cell catalysts. Following experiments were designed to optimize the 
amount of the protecting agent. Pt-N(Octyl)4Cl, colloids were prepared decreasing the amount 
of N(Octyl)4Cl in a stepwise manner. 
The stochiometricaly balanced reaction for typical (Octyl)4N[BEt3H] based 
preparation of Pt colloid reads: 
PtCl2  +2 (Octyl)4N(BEt3H) (100%)      THF     
                                                           Pt colloid (1) + 2 (Octyl)4N Cl + 2 BEt3 + H2↑       …Eq. 4.2           
The protecting tetraoctylammonium chloride is generated in-situ and Pt nano-
particles of 3-5 nm average size with a very narrow particle size distribution were obtained. In 
subsequent experiments the quantity of 2x (Octyl)4N(BEt3H) (given in Eq. 4.2) was decreased 
in a stepwise manner to 80, 60, 40 and 20%. LiBEt3H substituted the necessary amount of 
reducing hydride. The subsequent balanced equations are, 
PtCl2  +8/5 (Octyl)4N(BEt3H) (80%)  +  2/5 LiBEt3H             THF             
                                       Pt colloid (2)+ 8/5 (Octyl)4N Cl + 2/5 LiCl + 2 BEt3  + H2↑     …Eq. 4.3                   
PtCl2  +6/5 (Octyl)4N(BEt3H) (60%)  +  4/5 LiBEt3H             THF         
                                       Pt colloid (3)+ 6/5 (Octyl)4N Cl + 4/5 LiCl + 2 BEt3  + H2↑    …Eq. 4.4 
PtCl2  +4/5 (Octyl)4N(BEt3H) (40%) +  6/5 LiBEt3H             THF          
                                       Pt colloid (4)+ 4/5 (Octyl)4N Cl + 6/5 LiCl + 2 BEt3 + H2↑     …Eq. 4.5    
PtCl2  +2/5 (Octyl)4N(BEt3H) (20%) +  8/5 LiBEt3H             THF          
                                       Pt colloid (5)+ 2/5 (Octyl)4N Cl + 8/5 LiCl + 2 BEt3 + H2↑    …Eq. 4.6    
The mixture of reducing agents was instilled, as a suspension, to ensure 
complete reduction. The reduction could be easily monitored by color change while the PtCl2 
suspensions turned into a dark brown solution. Acetone was finally added to destroy any 
excess of the hydride. After this usually a “cleaning procedure” is followed to remove 
residues of the stabilizing shell not bonded to the particles. It was observed during a series of 
experiments that the resulting particle size or shape does not change with washing or leaching 
steps. In the cleaning procedure, the waxy raw material of the organosol was suspended in an 
organic solvent (toluene), then hydrophilic solvent (e.g. ethanol) was added dropwise to the 
colloidal solution to precipitate out the colloidal Pt particles. Finally a washing procedure was 
done with technical quality ether and technical ethanol, followed by absolute ether and 
absolute ethanol.  
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The colloids (1) and (2) and (3) were obtained as waxy, black residues. The 
resultant colloids were highly soluble in THF, toluene, ether, but insoluble in ethanol and 
pentane. After washing, the colloids 1 and 2 were readily soluble in THF, while colloid 3 was 
dispersible in THF to smaller extent. In case of colloids 4 and 5 particles settle down 
immediately after reduction and Acetone quenching, with a clear supernatant solution. This 
suggests that the colloids 4 and 5 did not contain sufficient amounts of protecting agent 
resulting in non-redispersible particles.  
 
(a) (b) 
(c) (d) 
(e) 
Fig. 4.1. TEM analyses of
supported catalysts.  
(a) TEM of Colloid (1) 
(b) TEM of Colloid (2)
(c) TEM of Colloid (3) 
(d) TEM of Colloid (4) 
(e) HRTEM of Colloid
(1)  
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Colloids (1), (2), (3) and (4) were supported on Vulcan XC 72 support to give a 
20-wt.% metal loaded catalysts. The conditioning step to remove the protecting agent is 
followed at 300°C under oxidative and reductive atmosphere respectively.  The resultant 
catalysts were named as cat. 1 (made from colloid 1), cat. 2 (colloid 2), cat. 3 (colloid 3), and 
cat. 4 (colloid 4), TEM, SEM, BET, elemental analysis and XRD studies was done to 
compare the particle sizes, and surface areas.  
 
 
 
         
 
 
Table 4.1. BET surface area and elemental analysis. 
 
 
 
4.3.1.1.1. Characterization 
The catalysts (cat. 1 to 4) prepared were free flowing, shining, black powders 
[5(a)]. During conditioning step, the protecting shell was largely removed to give metallic 
luster indicating clean nanoparticle surfaces [6] .  All catalysts show very high BET surface 
areas. BET surface area is a measure of the available surface for catalysis. In Table 4.1 BET 
surface area and elemental analysis results are presented. All representative TEM results are 
shown in Fig. 4.1. All colloids show similar particle size distributions. A typical 
representative HRTEM at 5 nm scale is shown for colloid (1) {Fig. 4.1(e)}.  Particles of 
average 2-4 nm are visible. All other colloids show similar particle sizes. Dried Colloid. 1 and 
Colloid. 4 powders were investigated by X-ray powder diffraction. XRD showed lattice 
parameters of ~3.92Å in both cases, which is identical with the theoretical value of pure Pt. 
Different lattice planes were assigned in Fig. 4.2. Particle sizes were determined using these 
data and the Scherrer equation revealed 4-5 nm particle size.                                                                              
Catalysts 
(%Protecting 
shell) 
Elemental  
Analysis 
BET surface area  
(m²/g) 
 
(cat. 1)  (100%) 78% Pt 195 
(cat. 2) (80%) 85% Pt 190 
(cat. 3) (60%) 93.25% Pt 178 
(cat. 4) (40%) 97% Pt 168 
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                Fig. 4.2.  XRDa of stabilized Pt colloidal particles.  (a) cat. 4, and (b) cat. 1. 
Therefore it is clear from the TEM and XRD analyses that the particle size 
distribution of these different colloidal catalysts was almost similar. Thus the amount of 
protecting agent can be reduced by ~40% without changes in particle size distribution. 
Though colloid (4) {Fig. 4.1(d)} shows a similar particle size and surface area similar with 
other colloids {Fig. 4.1(a)-(c)}, it is not suitable for catalyst preparation as immediately after 
the reduction insoluble particulates settle down. TEM {Fig. 4.1(d)} represents the dispersed 
part of the colloid only.  From this comparison it can be concluded, that 60% of the stabilizing 
NR4Cl [Eq. 4.4] is the minimum needed to give a fully re-dispersible Pt-colloid. This in turn 
means that 40% of the NR4Cl can be saved.  
All in all it can be concluded that less than 60% of stabilizing shell gives non-
dispersible Pt nanopowders. And one can indeed decrease the amount of NR4Cl protecting 
shell for colloidal Pt synthesis up to 60%. It is interesting to note that neither the size nor the  
                                                 
a  Peak at 2θ = 23° corresponds to Vulcan XC 72 carbon, while other peaks represent reflections from (111), 
(200) and (220) planes due to f. c. c. crystal lattice. In all the XRD patterns time of analysis is given in bracket 
as e.g. (300 s in above case). For measuring lattice constants internal standard was not used. 
 P.S.= Protecting shell 
(b) 
(a) 
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morphology of the particle can be altered by changing the amount of tetraalkyl-ammonium 
stabilizer applied in the in-situ reduction mode [6(d)]. 
 
4.3.1.2  “Reverse addition” for particle size control 
In tetraalkylammonium reduction method the reducing agent and the protecting 
shell mixture is typically added to the metal salts solution. In this process nuclei are generated 
instantaneouslya. But as the addition is a slow process they are not produced in one shot but 
subsequent addition of the reducing agent leads to further nuclei generation. In such a 
situation, as the process goes for a long-time, diffusional growth is not favored. As the initial 
nuclei formed, will start agglomerating or increasing in size; while next batch of nuclei will 
still be created, and soon be consumed by the first step-agglomerated particles [7(a)]. Also the 
amount of protecting shell might not be optimal to yield narrow particle size distribution, as 
protecting shells are generated insitu during reduction. This could lead to broad particle size 
distribution of particles by non-controllable growth. Therefore to achieve narrow particle size 
distribution one could first add a small fraction of the Pt salt to the hydride solution in order to 
generate a small number of Pt nuclei, which could then grow in size by diffusion when the 
remaining quantity of precursor solution is added. This is called here as “Reverse addition”.  
In this situation diffusional growth can lead to uniform particle sizes and avoid unwanted 
aggregation of the particles. In contrast, when a large number of nuclei are generated 
simultaneously in reduction, diffusional growth is less feasible. This then forms smaller 
particles, which would further aggregate [7]. This method is advantageous as the creation of 
the identical environment for nanoparticle growth is feasible. Additionally, if the initial batch 
of salts is added fast, enough and a large number of nuclei will be generated and when the 
next batch is slowly added the resulting particles would lead to more uniformity. In this 
section particle size control is studied with what is newly coined as Reverse addition. 
To check the validity of the new method different experiments were set up. 
Colloid 6 and 7 were prepared as shown by balanced Eqs. 4.7 and 4.8. Colloid 6 was prepared 
by reverse addition of Platinum chloride dispersed in THF, in 2(Octyl)4N(BEt3H).  In case of 
colloid 7, Platinum chloride solution was added to 1:1 molar mixture of  (Octyl)4N(BEt3H)  
and LiBEt3H. Similarly as in the previous section the protecting agent was reduced and 
substituted by LiBEt3H.              
 
                                                 
a  As borates are one of the strongest reducing agents [7(b)] 
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PtCl2  +2 (Octyl)4N(BEt3H)        THF / Reverse addition            
                                           Pt colloid (6) + 2 (Octyl)4N Cl + 2 BEt3  + H2↑                   …Eq. 4.7 
PtCl2  + (Octyl)4N(BEt3H) + LiBEt3H            THF  /Reverse addition                   
                                           Pt colloid (7) + (Octyl)4N Cl + 2LiCl + 2BEt3  + H2↑          ...Eq. 4.8  
TEM analysis showed that the reverse addition yields indeed smaller particles 
with narrow particle size distribution. The particle size distribution of both colloids 6 (1.57 
nm) and 7 (1.7 nm) was found to be nearly similar (Fig. 4.3). Interestingly, the amount of  
(Octyl)4NCl as the reducing agent could be decreased by 50%. This was strikingly in contrast 
to the previous results where below 60% of protecting shell insoluble particulates settled 
down. This was particularly interesting for impurity free fuel cell catalysts preparation.  
 
Depending upon the initial concentration of nuclei and reduction rate the size 
and shape of final nanoparticles vary. When a solution of (Octyl)4N(BEt3H) is added to the 
metal salt suspension nuclei formed are not homogeneously dispersed because local 
(c) 
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Fig. 4.3. TEM analyses in Reverse addition
mode: (a) TEM of colloid 6, average
particle size 1.57 nm.  
(b) TEM of colloid 7, average particle size
1.7 nm.  
(c) Particle size distribution (dNA), blue: 
colloid 6, yellow: colloid 7 and dark red 
colloid 1. 
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(Octyl)4NCl concentration is too low. Subsequently, the nuclei formed will not be in 
immediate contact with the initially formed nuclei due to inhomogeneous conditions. This 
gives rise to unwanted particle growth. 
In the reverse addition mode (of metal salts to (Octyl)4N hydroborate) all the 
nuclei formed are immediately stabilized with the protecting agent and dispersed 
homogeneously in the solution. Thus the reverse addition mode favors the formation of 
homogeneous particle size distribution via growth control. 
 
4.3.1.3 Synthesis of Pt50Ru50 colloid by NR4(BEt3H) reduction method (8)  
The co-reduction of transition metal salts in solution is the most widely used 
method to generate the bimetallic colloidal suspensions [6,8]. Reproducible synthesis of Pt/Ru 
colloids (~ 2nm) with a very narrow particle size distribution is feasible [8, 9]. This method is 
appropriate for preparing bimetallic colloidal catalysts for fuel cell electrodes and has been 
intensely studied [10]. The balanced equation for the synthesis of colloidal Pt/Ru sol using 
tetraoctylammonium triethylhidroborate is, 
PtCl2+ RuCl3+ 5 NR4(BEt3H)     THF           Pt50Ru50 colloid (8) + 5 NR4Cl + 5 BEt3 +5/2 H2↑ 
                                                                                                                                       …Eq. 4.9 
The reduction reaction could be monitored by the color change of the solution 
from brownish yellow to deep red black. A nearly transperant solution was obtained. Further 
Acetone quenching was followed. After drying for 16h at 60°C a waxy, black residue was 
obtained. Elemental analysis showed 1:1 atomic ratio of Pt:Ru.  
However, a drawback of this method is that no particular synthesis protocol 
exists for getting a powdery, free flowing Pt/Ru organosol as in case of Pt-sol. Pt particles can 
be precipitated, as described in section 4.3.1. However, Pt/Ru organosol cannot be isolated as 
free flowing powder using combination of polar-nonpolar solvents. Ruthenium nanoparticles 
are highly soluble in ethanol and mostly washed away. Also refluxing the dissolved organosol 
in pentane offered no significant improvement on the waxy nature of the Pt/Ru colloid. This 
colloid was further supported on Vulcan XC72 Carbon black (30 wt. %. Pt loading). The 
resulting supported catalyst was a free flowing powder. It showed high BET surface area of 
187 m²/g. The conditioning was done under Hydrogen atmosphere (oxidative annealing) and 
followed by Oxygen atmosphere (reductive annealing) at 300°C as mentioned in case of the 
Pt colloid.  
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TGA analysis of the PtRu colloidal catalyst was followed to check the effect of 
conditioning. TGA-MS profile of the catalyst is given in the Fig. 4.4. It showed total 16% 
weight loss between 150-300°C. The mass spectrometric signal related to this region was 113 
mass unit, corresponding to the octyl groups. This suggests that mass loss occurs through the 
degradation of the protecting shells. This indicates that conditioning is effective enough to 
remove the unwanted protecting shell. 
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Fig. 4.4. TGA-DSC analysis of Pt-NR4X 
colloid and MS signal of related to octyl 
group at 115 amu. 
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4.3.1.3.1 Characterization of colloid 8 
The bimetallic Pt/Ru colloid was examined by HRTEM [10][see Fig. 4.5 (b)]. 
Particle size distribution and EDX analysis has been shown in Fig. 4.5 (c),(a). The average 
diameter is 1.7 nm with a standard deviation of 0.5 nm. The composition of Pt/Ru clusters 
was investigated by point resolved EDX, yielding 52% Pt and 48% Ru.  
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dNA=1.7 nm, dVA=1.83 nm, dV=1.79 nm,  
Std. Dev.=0.5 nm and D%= 49% 
(a) 
Fig. 4.5. (a) EDX analysis, (b) HRTEM image of single particle (c) particle size 
distribution of Pt50Ru50 organosol (8). 
(b) 
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Fig. 4.6. (a) XRD pattern of Pt/Ru alloy 
catalyst (vertical lines represent Pt phase),  
 
(b) High temp. in-situ XRD shows Ru(101) 
phase above 500°C,  
 
(c) TEM of the supported catalyst 30% 
metal loading, 
  
(d) Particle size distribution. 
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Thus the single particle composition is identical with imitated mixture of 
Pt50Ru50, which confirms homogeneous alloying of the Pt/Ru. The dispersion of the Pt/Ru on 
the Carbon surface obtained was ~ 49%. Thus this sample could directly be used as a fuel cell 
catalyst.  
Powder diffraction reveals sharp reflections on top of very broad ones. Sharp 
reflections correspond to Platinum particles grown in size. 
From the high temperature in-situ measurement up to 500°C the analysis of the 
peaks gives a lattice parameter corresponding to Pt/Ru alloyed particles. Average particle size 
of Pt-Ru particles is 3-4 nm (dV), indicating a particle growth during the conditioning step. 
This average diameter value corresponds to the value obtained form TEM data. 
Which showed dNA = 2.44 nm, dV =3.45 nm and D% =38%. It is also clear from the particle 
size distribution before conditioning {Fig. 4.5(c)} and {Fig. 4.6(d)}, after conditioning, that 
there was negligible particle size increase by 0.7 nm. This also corresponds to the 11% loss in 
dispersion%. Thus in short very high surface area catalysts can be prepared by this method. 
Details of XPS analysis of this type of colloid catalyst are available in ref. [6(a)] 
 
 
4.3.1.3.2 The optimum amount of NR4X required  
In section 4.3.1 the successful optimization of tetraalkylammonium chloride 
stabilized Pt- colloids is described to reduce the unnecessary amount of protecting shell in the 
colloidal catalyst. To extend this optimization concept to the PtRu colloid synthesis, PtRu 
colloids were prepared as following, by reverse addition mode. 
PtCl2  + RuCl3 + 5 (Octyl)4N(BEt3H) THF                 
                                                 Pt1Ru1 colloid (9) + 5 (Octyl)4N Cl + 5BEt3 + 5/2H2↑  …Eq. 4.10 
PtCl2  + RuCl3 + 3 (Octyl)4N(BEt3H) + 2 LiBEt3H         THF                 
                                 Pt1Ru1 colloid (10) + 3 (Octyl)4N Cl + 2 LiCl + 5 BEt3 + H2↑    …Eq. 4.11 
 
The colloids obtained were homogeneous and redispersible in THF. It was 
found by TEM analysis that the average particle size remains unchanged in both the cases. 
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The “number average particle sizea” dNA changes form 1.8 nm (10) to 1.91 nm (9) (compared 
to 1.7 nm for colloid 8, Fig. 4.5). Thus in case of PtRu colloid, one can indeed reduce the 
amount of tetraalkyl ammonium protecting shell to 60% using this reverse addition mode. 
 
 
 
 
 
 
 
 
                                                 
a  See section 2.1 for particle size determination 
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Fig. 4.7. TEM analysis of (a) colloid 9 
vs. (b) colloid 10 (c) particle size 
distribution; blue: colloid 8, dark red: 
colloid 10. 
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4.3.2 LiBH4 as the reducing agent 
Sung et al. [11]  LiBH4 as a reducing agent. This approach formally needs no 
protecting agent for nanoparticle stabilization during colloidal synthesis.  
 
4.3.2.1 Pt/Ru (1:1) colloid (11) according to Y. E. Sung et al.[11]  
In contrast to the MBH4 (M= Na, K, Li) reduction (usually applied) in aqueous 
phase Sung applies LiBH4 in organic solvents, e.g. THF, Acetonitrile, Pyridine, DMF. 
Platinum chloride and Ruthenium chloride were dissolved separately in THF and stirred for 3 
h, then the solutions were mixed, stirred for 5 h and gradually heated to 50°C. LiBH4 
dissolved in THF, was added slowly (1.5 times the stochiometricaly ratio) (Eq. 4.12). Washing 
with Ethanol, Benzene and water was followed. The resulting nanoparticle powder was not 
redispersible. Elemental analysis showed Pt:Ru in 1:1 atomic ratio (Li, Cl below 1 percent). 
 
 PtCl2 + RuCl3 + LiBH4 → PtRu colloid (11) + 5 LiCl↓+ BH3↑+5/2H2↑                …Eq. 4.12 
If stirring is stopped before Acetone quenching, it was observed that the 
solution separates in an upper colored layer and a down precipitate. This mixture was kept for 
several days. After 3-4 days no further separation observed. The colored upper layer was 
concentrated in vacuo which gave an air-sensitive brownish powder redispersible in THF. If 
water is added to this solution, particles were precipitated with effervescence. This could be 
due to interaction probably a BH3 complex is stabilizing the colloidal particles and 
decomposes with water. Elemental analysis of precipitate showed Pt: Ru(1:3 at ratio), while 
the redispersible colloid showed (1:2 at ratio). This indicates that redispersible PtRu(1:2) 
colloid was indeed formed, via a weak electrostatic stabilization.  
 
4.3.2.1.1 XRD, XPS and NMR analysis 
XRD analysis of the unsupported Pt/Ru colloidal powder (11) showed a little 
change of the lattice parameters of Pt so alloying was possible, but not clearly verified. 
Reflections appear to be asymmetric and the overlap of reflections of the several phases 
seems possible. The supported sample shows a lattice parameter of 3.9138 Å (internal std. Si), 
this indicates 10% Ru atoms incorporation in Pt lattice. The particle size determined by XRD 
is 8 nm. 
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XPS analysis (see Table 4.2) of nanopowder (11) showed the presence of LiCl 
and Boron impurities, B2O3 or H3BO3 on the surface of the catalyst in spite of repeated 
washing. A Pt(0) phase was observed too. Boron and proton NMR were run during reaction 
and after the completion of the reaction with and without the addition of acetone were taken. 
Also the colloid separated from the solution layer was redissolved in THF and examined by 
NMR. All analyses showed the presence of singlet in Boron NMR near ~0.5 ppm, which 
suggested the possibility of some Boron complex stabilizing the colloid, mostly probably 
borane-THF complex. Zero-valent metal nuclei stabilized only with THF (solvent) were 
reported in literature [12]. So some kind of steric stabilization by THF molecules can be also 
expected. MS analysis showed signals at amu 26 (B2H6!) and 72 (THF). This again vindicates 
the hypothesis. XPS analysis of as prepared (unwashed) colloid was not possible. 
As Sung et al. described, LiBH4 has to be applied in a 1.5 stoichiometric 
proportion (excess). It was further found that reducing metal precursors with equivalent 
amount of LiBH4 did not give any colloidal sol. While any further excess tried (2.5 molar or 
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Fig. 4.8. XRD analysis of Pt/Ru colloid (11). 
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1.5 molar) showed weak stabilized colloid formation. Also separate reduction of Pt and Ru 
precursors showed that Ru nanoparticles are easier to stabilize than the Pt particles.  
 
  
   
 
 
 
 
 
                           Table 4.2. BE values for XPS analysis of nanopowder (11).  
 
4.3.3 LiBEt3H reduction method.  
This method is not fully standardized.  
The balanced equation is, 
PtCl2 + RuCl3 + 5LiBEt3H → PtRu colloid  (12) + 5LiCl ↓+ 5BEt3↑ +5/2H2↑         …Eq. 4.13 
Metal salt precursors used were also Platinum chloride (PtCl2) and Ruthenium 
chloride (RuCl3). Solvent used was THF. Reducing agent was added in excess, so that part of 
the reducing agent stabilizes formed metal colloids. Mode of stabilization is still unclear, but 
preferably similar to the electrostatic stabilization found in LiBH4 case, i.e. excess of the 
reducing agent forms a electrochemical double layer around neutral metal nuclei. In Boron 
NMR two signals were observed near to ~2-2.5 ppm. This again vindicates formation of 
Boron-THF complex.  But a the detailed characterization of the complex based on XPS was 
not possible due to evolution of volatiles. Thus there seems to be small differences between 
the LiBH4 and LiBEt3H reduction. One difference is in terms of the Boron impurities. (No 
Boron impurities were found by elemental analysis of cat. 12) due to the easy removal of 
trialkylboranes as volatiles. In contrast the BH4- reduction method leads to generation of 
borides, which are difficult to remove [6(c)].  
 
Signal BE /eV Species 
C 1s 285 -- 
Li 1s 55.71 LiCl 
B 1s 192.47 B2O3 or H3BO3 
Cl 2p 198.85 LiCl 
Pt 4f 71.43 Pt0 
Ru 3d5/2 285.70 RuO2 
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Supported catalysts were obtained by reducing metal salts in presence of 
Vulcan XC72 support. 
Catalysts were washed first with ethanol, then benzene, water-benzene mixture 
(water serves to wash some kind of compounds eventually presents in the catalyst powder, 
while benzene washes all possible organic compounds). At the end solvent was removed in 
vacuo.  
 
PtRu supported on carbon or unsupported was obtained. Cat. 12 (colloidal 
powder 12) were used without supporting, while supported and unconditioned cat. 13 and 
conditioned cat. 14 (at 120°C, under H2 and O2 for 30 min. each) were also compared 
together. TEM analyses of supported catalyst 13 and unsupported catalyst 12 are given in Fig. 
4.9. Also XRD analyses of supported (conditioned and non-conditioned) and unsupported 
catalysts are given.  
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Fig. 4.9. TEM images and particle size distribution for (a) catalyst 13 and (b) catalyst12.
(a) (b)
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Table. 4.3. Shows, particle size, dispersion, lattice constants of cat. 12, 13, 14. 
 
The particle sizes obtained from the XRD analyses are also comparable to the 
TEM volume-area averaged diameters. The dispersions obtained for both the catalysts is high 
around ~40%. The lattice constants as tabulated in the Table 4.3 show that there is almost no 
alloying between both the Pt, and Ru phases for cat. 13, while cat. 12 suggest 10% Ru 
                                                 
a No internal standard used 
b Values in bracket indicate dVA, volume-area average diameter, While d outside the brackets are for dNA, number 
average  diameter calculated from TEM. 
Catalyst Pt (at %) d/nm afcc/ nm 
 EDX XRD TEM D% XRDa 
cat. 14 50.3 2 2.7(2.9) 44% 0.392 
cat. 13 50.3 2-3 2.7(2.9) 44% 0.392 
cat. 12 48.9 3 3(3.4)b 36% 0.3909 
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Fig. 4.10. XRD patterns of cat 12 (B), 13 (D), 14 (F). 
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incorporation in the lattice of Pt particles. This is very important as no organic stabilizers were 
used during the colloidal catalyst preparation. One needs no further harsh conditioning at 
300°C, which can alter the catalyst properties. This can reduce the catalytic impurities. The 
supported catalyst was subjected to mild conditioning at 120°C, this was done to check to see 
what happens to the catalyst properties. It further frees the nanoparticle surface from other 
impurities if present on the catalyst surface. It was found by XRD that there were no further 
changes of the lattice parameters and particle sizes after conditioning.  
 
 
 
4.3.4 Synthesis of THF stabilized colloids via KBEt3H reduction  
 
4.3.4.1 General 
Zero-valent colloidal organosols of early transition metal are powerful 
additives for the activation of heterogeneous catalysts [13]. Synthesis and characterization of 
these isolable metal colloids stabilized only with THF was previously reported [12]. These 
colloids are prepared by reducing a suspension of transition metal halide in THF by K[BEt3H] 
as the reducing agent. Colloidal dispersions of 3d and 4d metals of groups IV to VII have 
been synthesised and studied. A comprehensive study of the geometric and electronic 
structure using combination of physical methods of characterisation e.g. UV-Vis, IR, NMR, 
HRTEM, XPS, EXAFS and XANES, of Hydrogen free [Ti.0.5THF]x and [Mn ·0.3THF]x is 
given in ref. [12,13(a),14]. It was shown that [Ti·0.5THF]x [12] and [Mn·0.3THF]x [14] 
colloid consist of very small metallic particles co-ordinated to intact THF molecules. XPS 
study supported the presence of non-oxidised Ti and Mn particles. The binding energy values 
of Ti (2p3/2; 456.2 eV) and Mn (2p3/2; 639.3 eV) in the respective colloids, which agreed with 
the 2p binding energies of Ti and Mn in respective metals. Also, the observed shift in the BE 
values indicated a considerable bonding interaction accompanied by a charge transfer or 
polarization to the coordinated THF molecules to the metal. XANES measurements of these 
colloids indicated the distinct chemical states. The development of the electronic band 
structure of the bulk metal as a function of the particle size was evident. EXAFS analysis of 
Ti colloid simulated the Ti13 cluster surrounded by O atoms of THF.  
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4.3.4.2 Synthesis of [Nb·0.3THF]x colloid (15) 
In this work synthesis of Hydrogen free [Nb·0.3THF]x colloid (15) was done 
and its physical characterisation based on XPS analysis was accomplished. NbCl4·2THF was 
used as the precursor for synthesising  [Nb·0.3THF]x colloid. Reduction was done by 
K[BEt3H] reducing agent at room temperature. Subsequent cooling of the reaction mixture to 
–78°C allows 90% of the KCl to be removed. NbBr4·2THF cannot be used as the starting 
material (similar to TiBr4·2THF or MnBr2·2THF) as it leads to the ring opening 
polymerization of THF [17]. Together with the solvent H2 and BEt3 were completely removed 
in vacuo (0.1 Pa). The isolated organosol 15 was extremely oxophilic, very soluble in THF, 
but insoluble in hydrocarbons. Hydrogen trapped during the reaction was 2 mole H2 per mole 
of Nb suggesting the complete reduction of NbCl4·2THF to Nb(0). Elemental analysis: shows 
Nb in very high percentage. EDX analysis confirmed the Nb: halide ratio found by EA. This 
reaction is shown in the following balanced equation, 
                                                                                                                                
                                                                                                                                     …Eq. 4.14 
4.3.4.2.1 Characterization of (15) 
As the Nb colloid (15) is extremely oxophilic the analytical preparation of 
sample has to be carried out in a special specimen holder for handling under strict inert gas 
atmosphere. The transfer of XPS sample was carried out in a glove box. For further 
investigations the colloidal material was dispersed in THF and a drop of the solution was 
placed on a specially produced structure less carbon support film and dried in Argon 
atmosphere. 
In the isolated Nb colloid (15) the following IR bands were observed: 855(s), 
1050 (s), 1360(br), 1455 (w). Absorptions at 1050 and 855 cm-1 are assigned to the 
asymmetric and symmetric C-O-C bending modes of the cyclic ether. Free THF, in contrast, 
absorbs at 1070 and 915 cm-1. The slight shift towards low wave numbers in the IR bands can 
be assigned to a higher electron density in the C-O-C bonding region compared with the free 
molecule. This shift strongly suggests the presence of intact THF coordinated to the metallic 
centre. 
UV/vis spectrum of 15 was recorded between 200 to 1000 nm. It showed the 
typical unstructured curve of the THF-stabilised metal colloids. For comparison the UV/vis 
spectrum of a mixture of 15 and NbCl4·2THF dissolved in THF was recorded. The absorption 
NbCl4·2THF + 4 K[BEt3H]      THF               [Nb·0.3THF]x (15) + 4BEt3↑  + 4KBr↓ +2H2↑ 
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of the educt could be identified very well. But in the colloid spectrum the typical absortion of 
the adduct at 280 nm was clearly absent. To summarize, no signal corresponding to the 
absorption of the adduct was detected in the product spectrum showing that the starting 
material was completely converted to the Nb(0). 
The H1 NMR of 15 in THF[d8] solution yielded two sharp peaks at δ =1.79 and 
δ =3.56 (rt, TMS, m, 2H) which were shifted slightly compared to the free THF molecule (δ 
=1.85 and δ =3.75) [18] which again points to the presence of intact THF interacting with a 
relatively electropositive centre. The mass spectrum of the colloidal Nb-powder gave, m/z = 
72, (C4H8O+), while colloidal solution immediately after reaction showed presence of BEt3 at 
m/z 98, and in B11 NMR a singlet was obtained at δ=76 [13]. No particles were detected in 
TEM analysis, which indicates the presence of particles with a size below 0.8 nm. This is 
similar to other THF stabilised colloidal particles, e.g. Ti, studied by HRTEM [12]. But point 
EDX analysis confirmed the presence of high amount (50%) of Nb metal on the grid surface. 
This again confirms the presence very small Nb particles [19]. 
All electron binding energies presented here are referred to the C 1s (285 eV) 
and Si 2p lines (102.7 eV) originating from the residual contamination of hydrocarbons and 
vacuum grease containing the fragment [O-Si(methyl, phenyl)-]n. The Nb 3d detail spectra 
were analysed by means of a least-square fitting routine using a combination of Gaussian and 
Lorentzian peak shapes. The best fit was obtained by using a 30% Lorentzian contribution. 
After a Shirley- background subtraction the curve fitting was performed with a fixed intensity 
ratio (0.66) and a fixed energy distance (2.72 eV) of the Nb 3d5/2 and 3d3/2 spin-orbit coupling 
components.  
In order to elucidate the charge state of Nb in the colloid 15, XPS data from the 
as-prepared colloid 15 was compared with the XPS data obtained from post-oxidizing this 
colloid by exposing it to the air. The Nb 3d spectrum of as prepared colloid (Fig. 4.11) shows 
two spin doublets (Nb 3d5/2, 3d3/2) at 203.3 eV and 206.1eV. The peak at lower binding 
energy (203.6 eV) has lower intensity than the peak at higher binding energy (206.1 eV). 
Further, the later signal is assigned to the NbO2 (~206.1 eV). The signal at 203.3 eV is in 
between 202.3 eV for pure Nb metal surface and NbO (204.1 eV).  
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Table 4.4. Electron binding energies 
E(O 1s) and E(Nb 3d5/2) of the 
unoxidized and oxidized Nb colloid, 
bulk Nb2O5, NbO, NbO2, oxidized 
metal, and Nb metal. 
 
 
 
 
 
 
 
 
When this colloid is subjected to the oxidation in air for a short while, Nb 
spectrum (Fig. 4.12) alters drastically. Only one Nb 3d5/2 signal is observed, at 206.3 eV, 
which corresponds probably to NbO2. While the Nb signal at 203.6 eV from as-prepared 
colloid disappears. Thus this signal cannot be due to NbO2 or NbO, as they are stable. Thus 
the low Nb BE signal at 203.3eV represents the chemical state of the Nb in the colloid. Which 
shows Nb(0)- nanoparticles co-ordinated with THF molecules. This is quite similar to the 
previous studies done on Ti and Mn colloids.  
Further, O(1s) signals due the Nb-O(THF) was difficult to assign, because 
signals due to different O(1s) from different Nb-oxides have values very near to each other. 
But there is evidence of Nb-O interaction in the colloid 15, as O(1s) signals obtained differ in 
intensity for the as-prepared colloid (Fig. 4.11) and post-oxidized colloid (Fig. 4.12). It was 
found that signals at 531.8 eV (Nb2O5) and 529.3 eV (NbO / NbO2) in Fig. 4.11 remain same 
in the intensity while the signal at 530.5 eV lowers in the intensity after exposure to air. This 
could be due to the Nb-O(THF) signal. As the colloid is exposed to the air it gets oxidized, 
and the signal due to Nb-O(THF) interaction would lower in intensity and the signal due to 
oxide would increase in intensity. This again suggests that this signal could not be due to the 
NbO, or NbO2 as these are stable oxides in air, and the signals would not lower in intensity 
when exposed to air.  
 
 
 
 
Sample E (O 1s) E (Nb 3d5/2) ref 
529.3 203.6 
530.6 206.1 As-prepared oxidized colloid  
531.8  
 
529.7  
530.5 206.3 Post Oxidized colloid  
531.8  
 
Nb metal  202.3 20 
530.2 207.1 Nb metal oxidized surface 
 531.7  
 
NbO  204.1 20 
206.1 21 NbO2  
205.7 22 
Nb2O5 531.8 207.4 23 
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512517522527532537542
Binding Energy [eV]
O 1s
3 d ifferent O  1s species:
529 .3  eV
530.6  eV
531.8  eV
190195200205210215220
Binding Energy [eV]
Nb 3d5/2I
206.1 eVNb 3d3/2I
two Nb species I and II: 
Nb 3d5/2 I: 203.6 eV: Nb2+/3+
             II: 206.1 eV:Nb4+
Nb 3d5/2II
Nb 3d3/2II
Cl 2p3/2 
Cl 2p1/2 
Fig. 4.11. XPS analysis of Nb and O in as-prepared colloid 15. 
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202204206208210212214216218
Binding Energy [eV]
Nb 3d5/2 
206.3 eV
Nb 3d3/2 
one Nb species: Nb4+
 
524526528530532534536538540
Binding Energy [eV]
O 1s
3 different O 1s species: 529.4 eV
532.0 eV
530.7 eV
Fig. 4.12. XPS analysis of Nb and O in post-oxidized colloid 15. 
 
 
Further, the analysis of the observed BE shift in the colloid points to a strong 
interaction between the Nb particles and the THF molecules as the ligands, accompanied by 
polarization of transfer of valence charge from Nb to THF. This can be understood by a 
comparison of the electronegativities based on the Pauling’s scale of electronegativity. 
Nb(1.6), O(3.44),and C(2.55). Assuming that the Nb particles are surrounded by the intact 
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THF ligands the O 1s peak at higher BE is attributed to the THF-O atoms the latter ones have 
stronger electronegative bonding partners (C, 2.55) in comparison with Oxygen in Nb2O5 (Nb 
1.6)[29] giving rise to a less negative Oxygen charge state in the THF rings indicated by the 
higher O 1s BE. The IR, NMR results and the observation that there is no release of the THF 
molecules at temperature below 400K support the strong interaction. It is well known from 
the XPS measurements of metal clusters that a small particle size gives rise to significant 
changes in the electronic structure compared to the bulk metal rationalized by the initial and 
final-state effects [30].  
 
4.3.4.3 Synthesis of [V·0.3THF]x colloid 16 
Synthesis of [V·0.3THF]x colloid is similar to the colloid 16. Again, in 
HRTEM analysis particles were not visible which vindicates presence of very small (<0.8 nm) 
V particles. But EDX analysis shows 80% metal content. Further, XPS analysis of this colloid 
is not possible as the BE of V 2p3/2 signal overlaps with the Oxygen 1s signals. Therefore to 
find out the electronic and structural details of the Vanadium colloid X-ray absorption 
spectroscopic studies will be performed. Further, the XRD analysis of colloid 16 as shown in 
Fig. 4.13 shows mostly amorphous material. Small reflections are probably belonging to V-
oxide but they cannot be assigned to any known compound. This suggests possibly V-O(THF) 
interaction. 
2 0 4 0 6 0 8 0
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2 T h e ta /°
3 0 0  s
 
Fig. 4.13. XRD of colloid 16. 
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4.4 Colloidal preparation via decomposition of organometallic precursors and reductive 
stabilization 
 
4.4.1 Decomposition of organometallics in presence of Armand’s ligand 
Bönnemann’s “Precursor method” using pre-prepared mono and pluri-metallic 
colloids (<2nm) of narrow size distributions for the preparation of carbon supported (Vulcan 
XC 72) Pt-based electrocatalysts has been shown to yield efficient systems both for Oxygen 
reduction and Hydrogen or methanol oxidation [31-32]. However, as said previously, the use 
of NR4X type stabilizers for the colloidal precursors to fuel cell catalysts [5,33-35] inevitably 
leads to chloride- contamination of the catalyst surface. The same was found in 
conventionally manufactured fuel cell catalysts [5(c),8(d),10(a),37,38]. Previous work on both 
polycrystalline and single crystal Pt electrodes has shown that anions dramatically affect the 
kinetics of electrocatalytic reactions, e.g. the oxidation of small organic molecules [39(a)] or 
Oxygen reduction [39(b)-(c),40(a)]. It has been shown that the ORR activities of Pt-based 
catalysts in liquid electrolyte decrease in the order ClO4- > HSO4- >Cl- [40]. In order to reduce 
the performance loss of the active catalyst’s surface and the membrane degradation by 
chloride residues we have introduced “Armand’s ligands” [(C8H17)4NDCTA (17) and 
(C4H9)4NDCTA (18)] as chloride-free colloidal stabilizers for the precursors. Here the halide 
anion X is replaced by the chloride-free DCTA [41]. In order to avoid chloride-contamination 
introduced by metal halides (which are the common starting materials in fuel cell catalyst 
synthesis) we have used the decomposition of chloride free metal–olefin complexes [42] such 
as Pt(dba)2 (19) [43] and Ru(COD)(COT) (20) [44], in the presence of Armand’s ligands for 
the preparation of halide-free Pt and PtRu nanoparticles.  
 
 
Fig. 4.14. (a) Armand’s ligand 17, (b) Armand’s ligand 18, (c) Pt(dba)2 19  
And (d) Ru(COD)(COT) 20. 
 
The olefin ligands were cleaved off the Pt and Ru complexes using compressed 
Hydrogen at 3x106 Pa. The resulting metal colloids were below <2 nm average size and 
showed a very narrow size distribution. The addition of high surface area Vulcan XC 72 as 
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the support yielded Pt, respectively PtRu fuel cell catalysts with 20 weight percent metal 
loading. Subsequent treatment of the material under oxidative and reductive atmospheres at 
300 °C (“conditioning”) lead to a small particle size increase of 1-1.5 nm. A general equation 
of colloidal preparation in presence of Armand’s ligands is, 
Pt(dba)2  +  {Ru(COD)(COT)}            →          Pt-(/Ru)[(R)4N]+DCTA             …Eq. 4.15 
 
 
 
 
 
4.4.1.1 Colloid synthesis and characterization  
All experiments were performed in dry solvents under Argon atmosphere.  
 
 
4.4.1.2 Preparation of precursors  
(a) Armand’s ligand (C8H17)4NDCTA (17) and (C4H9)4NDCTA (18):               
To prepare these ligands first 4, 5-dicyano triazole in the H form was prepared according to 
ref. [41(a)-(b)]. The Lithium salt, LiDCTA was obtained by reaction of the azole with excess 
Li2CO3 in acetonitrile [41(c)-(d)] followed by reaction with ammonium bromides. 
 
(b) Bis(dibenzylideneacetone) Platinum (0) (19) i.e., Pt(dba)2 was prepared as 
given  ref. 42.  And (η4-1,5-cyclooctadiene)(η6-1,3,5-cyclooctatriene) Ruthenium (0) or Ru(η4-
1,5-COD) (η6-1,3,5-COT) (20) was prepared according to ref. [43].  
 
4.4.1.3 Synthesis of Pt-[(C8H17)4N]+DCTA- colloid (21) Pt-[(C4H9)4N]+DCTA- colloid (22) 
and Pt1Ru1-[(C8H17)4N]+DCTA- colloid (23) 
Armand’s ligands, dissolved in toluene, was reacted with Pt(dba)2 {or 
Ru(COD)(COT)} dissolved in THF at room temperature for 48 h. Through the dark black 
stirring solution Hydrogen (3x106 Pa) was passed for 24 h at 50 °C. The isolated colloidal 
material was re-dissolved in THF for TEM analysis.  
TEM analysis of this colloid was performed after supporting it on Vulcan XC 72 
(unconditioned). EDX analysis has confirmed the absence of chloride in colloid 23. 
 
Toluene/H2, 
50°C/ 24hr R= Octyl, Butyl 
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4.4.1.4 Catalyst preparation and characterization 
Catalysts were prepared by supporting colloids 21, 22, 23, named as cat. 21, 
cat. 22, cat. 23 on Vulcan XC 72 with 20-weight % metal loading as described elsewhere 
[34]. To remove all residues of the protecting shell from the catalyst’s surface “conditioning” 
was followed. The catalysts were heat-treated at 300 °C, under flowing Argon, Oxygen and 
Hydrogen for 30 min each. Cat. 21, 22, 23 were prepared respectively from colloidal 
precursors 21, 22, 23. To check the particle size and alloying properties of the catalysts 21, 22 
after conditioning step, XRD analyses were performed. The X-ray powder patterns for 
qualitative phase analysis were collected. For the determination of the lattice parameters, Si 
640c was admixed as an internal standard. To check the metallic status of Pt and Ru on the 
catalyst 23 surface, XPS measurements were performed. The C 1s signal at 284.4 eV was 
used for the calibration of the binding energy values.  
To check the elemental composition at the catalyst surface, SEM analyses were 
followed. The surface distribution of metals was also checked via EDX analysis (100 nm). 
For TEM analyses the catalysts were suspended in THF and the specimen were prepared by 
placing a drop of the suspended catalyst under investigation in THF on a carbon film covered 
with a nickel grid and evaporating the solvent. 
 
4.4.1.5 Characterization 
TEM analyses of as synthesized colloids (21, 22, 23) and of conditioned 
colloidal catalysts (cat. 21, cat. 22, cat. 23) were performed (Fig. 4.15-4.17). The colloid 
dissolved in THF or colloidal catalyst suspended in THF was used for this purpose. Average 
particle sizes were calculated from TEM analyses based on 300 particles. TEM analysis of 
colloid 21 {Fig. 4.15 (a)} shows 2.2 nm average sized particles with uniform distribution. No 
agglomeration was observed. 
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dNA= 2.2nm, dVA=2.34nm, dV=2.56nm, 
D%= 52, Std.Dev.= 0.4nm
Catalyst 21
dNA= 3.6nm, dVA=4.2nm, dV=4.58nm, 
D%= 24, Std.Dev.= 1.5nm
(c) 
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Fig. 4.15. (a) TEM analysis of Pt-
colloid (21) and (b) TEM analysis of
Pt-catalyst (cat. 21) and (c) particle
size distributions. 
(a) (b) 
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dNA= 1.9nm, dVA=2.04nm, dV=2.1nm, 
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Catalyst 22
dNA= 3nm, dVA=3.37nm, dV=3.5nm,
D%=31, Std.Dev.= 1.5nm
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Fig. 4.16. (a) TEM analysis of Pt-colloid 
(22) and (b) TEM analysis of Pt-catalyst 
(cat. 22) and (c) particle size 
distributions. 
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Standard deviation is 0.4 nm. The corresponding dispersion is 52 % 
(Dispersion is calculated as given in ref. [45]).TEM of the conditioned cat. 21 {Fig. 4.15(b)} 
shows particle size increase to 3.6 nm with standard deviation of 1.5 nm. The corresponding 
dispersion is 24%. TEM analysis of colloid 22 {Fig. 4.16 (a)} shows again very narrow 
particle size distribution of Pt particles with average particle size of 1.9 nm with standard 
distribution of 0.2 nm. The corresponding dispersion of Pt particles is 59 %. The cat. 22 
prepared from colloid 22 shows a particle size increase from ~2 nm to an average 3 nm {Fig. 
4.16 (b)} (standard deviation of 1.5 nm). The corresponding dispersion is 31%. In this case 
the particle size increase was found to be relatively low compared to cat. 21. Thus the length 
of the substituted alkyl chains influences the particle size distribution after conditioning. The 
active surface area of cat. 22 is apparently high compared to cat. 21. The corresponding 
dispersion dropped from 31 % (cat. 22) to 24 % (cat. 21). The conditioning procedure 
obviously causes an increase of particle size associated with a loss of active surface area. In 
case of (Butyl)4N+ at 18 as the colloidal stabiliser, the particle size increase is less than the 
observed with (Octyl)4N+ at 17 as the stabiliser.  
 
(a) (a) (b) 
2 3 4 5
0
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Particle size/nm
Colloid  23
dNA= 1.87nm, dVA=2.06nm, dV=2.14nm, 
D%= 65, Std.Dev.= 0.4nm
Catalyst 23
dNA= 2.5nm, dVA=2.84nm, dV=2.96nm,
D%=47, Std.Dev.= 0.5nm
(c)  
Fig. 4.17. (a) TEM analysis of Pt-
colloid (23) and (b) TEM analysis of
Pt-catalyst (cat. 23) and (c) particle size
distributions. 
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Pt1Ru1 colloid 23 shows smaller particles of an average size 1.87 nm {Fig. 
4.17 (a)} (standard deviation is 0.4 nm), corresponding to a dispersion of 65%. (Note: colloid 
23 was supported on Vulcan XC 72 and TEM analysis was performed before conditioning by 
dispersing it in water). While conditioning cat. 23, {Fig. 4.17 (b)} the particle size increases 
to 2.5 nm (standard deviation of 0.5 nm). Corresponding dispersion is 47 %. SEM analyses 
(not shown here) confirmed approximately 20 weight percent of total metal [Pt/+Ru] loading 
on the surface of Vulcan XC 72 for all catalysts. The metal distribution on the support surface 
shown by elemental mapping indicated uniformly distributed obtained with the colloidal 
(a)  300 s 
(b)  300 s 
Fig. 4.18. (a) XRD analysis of Pt colloid cat. 21 and (b) of PtRu colloid 
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Pt1Ru1 cat. 23 (uniform metal distribution on the support surface at 20 wt. % total metal 
loading). EDX analysis again confirmed the total absence of chloride and the atomic ratio of 
Pt:Ru was found to be Pt0.48Ru0.52, which is close to the precursor composition of 1:1.  
  
 
In Fig. 4.18 the XRD analysis of cat. 21 {Fig. 4.18 (a)} is compared with the 
diffraction pattern of cat. 23 {Fig. 4.18 (b)}. The diffraction pattern of cat. 21 displayed 
(111), (200) and (220) reflections, characteristics for the Pt crystal structure. From XRD 
pattern, analysing the three shown reflections the lattice parameter is 3.922 (5) Ǻ for cat. 21 
which is comparable to the values of 3.916 Ǻ quoted for pure supported Pt or 3.923 Ǻ for 
(a) 
(b) 
Fig. 4.19. (a) XPS signals of Pt, (b) and Ru in colloidal cat. 23 . 
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unsupported pure Pt [46]. The Pt particle size was derived to be 3-4 nm that is in good 
agreement with the TEM results {Fig. 4.18 (b)}.  
The diffraction pattern for cat. 23 shows reflections characteristic of Pt and the 
lattice parameter for the cat. 23 was found to be 3.827 (4) Ǻ which is shifted than the quoted 
values of pure Pt indicating the incorporation of Ru atoms into the f.c.c. Pt lattice to form an 
alloyed PtRu phase [47]. Due to the overlap with Ru reflections only three reflections 
belonging to PtRu could be used for the determination of the lattice parameter. Thus, the error 
of the lattice parameter is supposably larger than the standard deviation might suggest. The 
size of Pt1Ru1 particles is derived to be 2-3 nm. This also agrees with the TEM results {Fig. 
4.17 (b)}. Irrespectively of this the particle size calculated for the PtRu particles is in good 
agreement with the TEM analysis. The surface composition of the colloidal Pt1Ru1 cat. 23 
was examined by XPS analysis  (Fig. 4.19). After conditioning Pt(0), Pt-oxides and 
Ru(IV/VI)-oxide species were found to be 5.6 present on the catalyst surface. The Pt 4f and 
the Ru 3p spectra are shown in Fig. 4.19 (a) and (b). Due to the overlap with the C 1s signal, 
the Ru 3d5/2 could not be used for analysis. The measured binding energies and the assigned 
oxidation states are given in Table 4.5. The C1 s signal at 284.4 eV known for carbon black 
was used as a reference value for the correction of the binding energy values. Also XPS 
analysis showed the total absence of any ligand-generated impurities. This was evident from 
the absence of any N 1s signal (not shown here) in the XPS spectrum, which confirmed the 
total removal of protecting shell during conditioning step. 
 
 
Table 4.5. Binding energies [eV] 
obtained by the XPS method. 
 
 
 
 
For platinum, two different species were detected which were assigned to Pt0 
(BE 71.5 eV) as major component and to Pt2+/4+-oxides at 74.6 eV as minor component. For 
ruthenium two different oxidic species were detected. The main component is assigned to 
RuO2 (Ru 3p3/2 462.7 eV). The signal for the second species at 466.8 eV is probably 
belonging to a higher oxidation state of Ru (RuO3).  
Signals BE/eV Oxidation states/formula 
Pt 4f7/2   71.5  Pt0 
Pt 4f7/2   74.6  Pt2+/Pt4+ (oxidic species) 
Ru 3p3/2 462.7  RuO2 
Ru 3p3/2 466.8  RuO3  
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4.4.2 Decomposition and Reductive stabilization of nanoscopic transition metals by 
organoaluminium compounds [48, 49] 
 
The general route to prepare isolable transition metal colloids stabilized with 
organoaluminium protective groups is,  
Al acac
CH3
Al
CH3acac
Al
acac
CH3
Alacac
CH3
Al
CH3
acac
AlCH3
acac
Colloid
particle
MXn +    AlR3               Toluene +      [R2Al acac]
 …Eq. 4.16 
 
Where MXn is metal halogen or metal acetylacetonate salt (n=2-4), R is alkyl group (C1 – C8)  
 
A layer of condensed organoaluminium species protects metal core against 
aggregation as shown. Trialkylaluminium compounds act both as reducing and stabilizing 
agents. This method is therefore referred as reductive stabilization method of colloidal 
preparation[48]. It has been further shown by insitu spectroscopic studies that a binuclear Pt 
complex, as an intermediate, is formed which further leads to the formation of different Pt-
organometallic precursors or colloidal Pt nanoparticles [49]. These colloidal particles show 
very narrow particle size distribution, with average particle size of 1.2 nm 
In this work this method is studied for comparative study in preparation of 
PtRu colloidal fuel cell catalysts. Metal salt precursors were: Platinum-COD (Pt(COD)2) and 
Ruthenium acetylacetonate (Ru(acac)3). Reducing agent was trimethylaluminium (Al(Me)3). 
Solvent used was THF. Metal salt precursors were dissolved in toluene under Argon. And 
trimethylaluminium was dissolved in toluene after careful addition for 24h at 20°C.  The color 
of solution changes from yellow to dark. All volatiles were evaporated in vacuo (0.1 Pa). In 
the residue one gets colloidal PtRu (colloid 24) in the form of a black powder, air sensitive. It 
was further supported on the Vulcan XC 72 support with 30 wt.% metal loading under Ar. 
(cat. 24). 
Unreacted Organoaluminium groups (for example Al–CH3) from the starting 
material are shown to be still present in the metal nanoparticles stabilizer. Active Al–C bonds 
could used for a controlled protonolysis by long-chain alcohols or organic acids (these are 
“modifiers”) to give Al-alkoxide groups in the stabilizer. This modification of the 
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organoaluminium protecting shell can be used to tailor the dispersion characteristics of the 
original organosols. In this way solubility of the colloidal metal nanoparticles both in 
hydrophobic and hydrophilic media can be achieved. As synthesized catalyst cat. 24 was 
subjected to leaching. For leaching 5 M NaOH was used, while it can form soluble sodium 
salt with Aluminium (NaAlO2). Leaching temperature was 70°C. After leaching catalyst was 
conditioned at 300°C in reductive and oxidative atmosphere for 30 min. each and named as 
cat. 25. Prepared catalysts were characterized by EDX, XRD and TEM. 
 
4.4.2.1 Characterization  
In the XRD analysis of cat. 25 all peaks were shifted towards higher angles 
compared to pure Pt.  Higher angles, i.e. lower lattice parameter a indicated formation of solid 
solution of PtRu with Pt lattice contracted due to the replacement of some Pt atoms in Pt f.c.c 
crystal structure by some smaller Ru atomsa.  
 
Lattice parameters for PtRu catalysts were evaluated from this data. They refer 
to lattice parameter values of the crystalline fractions of the catalysts. Table 4.6. In the case of 
cat. 25 the lattice parameter value corresponds to a Pt content of approximately 48.3 at.%. For 
all investigated samples no reflections characteristic for the h.c.p. crystal structure of Ru were 
                                                 
a  Vegard’s law section section 2.7 
2 0 4 0 6 0 8 0 1 0 0
5 0
1 0 0
P t(2 2 0 )
P t(2 0 0 )
P t(1 1 1 )
R
el
at
iv
e 
In
te
ns
ity
%
2 T h e ta /°
 B     300 S 
Fig. 4.20. X-ray diffraction pattern of 30 wt. % PtRu / Vulcan-XC-72 cat. 25 with 
an atomic ratio of Pt:Ru 1:1. 
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obtained. In case of the cat. 25 according to lattice parameter value, a PtRu alloy with almost 
nominal PtRu composition was formed.  
Bright field TEM micrographs of investigated catalysts are shown in Fig. 4.21. 
No significant particle agglomeration was observed. Particles are uniformly distributed over 
Vulcan XC-72 support. Particle size varied and was dependent on preparation route used. 
Unleached sample (cat. 24) had particle size of 0.8 – 1.2 nm, very uniform particle size 
distribution and particles distribution over support. After leaching particle agglomeration 
occurred and particle size for sample cat. 25 is from 1.8 – 2.8 nm. 
 
 
 
 
 
 
 
 
 
 
                                      Table 4.6. XRD and TEM data of cat. 24 and cat. 25 
 
                                                 
a  Internal standard was used for determination of lattice parameters. 
Catalyst Pt (at %) d/nm afcc/ nm 
 EDX XRD XRD TEM XRDa 
cat. 24  / Amorphous 0.8-1.2 / 
cat. 25 54 ~48.3 3 1.8-2.8 0.3828 
(a) (b) 
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Fig. 4.21. TEM analysis of (a) cat. 24 and 
(b) cat. 25 (c) particle size distribution, 
blue: before leaching, red: after leaching. 
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4.5 Water phase synthesis of colloidal nanoparticles  
This section includes different aqueous methods of nanoparticle synthesis and 
their application for fuel cell catalysis. Pt, Pd, PtRu nanoparticles were prepared. In water 
phase synthesis one can either use surfactants to stabilize the nanoparticles or can directly 
reduce the salts to obtain nanopowders. If reduction without surfactants is followed on the 
Vulcan XC 72 surface one can obtain the Vulcan supported catalysts which can suitably be 
applied as electrocatalysts.  
 
4.5.1 Hydrosols 
A survey of different water phase synthesis methods is given in chapter 1. A 
variety of surfactants can be utilized for preparing hydrosols. A list of these surfactants is 
given in ref. [50] in the following section Pt and Pd, and PtRu-hydrosol was obtained from 
different surfactants. The suitable reducing agent for hydrosol preparation is Hydrogen, polyol 
and NaBH4. Hydrogen and polyol are very mild reducing agent [38(a)] compared to NaBH4. 
The main purpose of these different hydrosol syntheses is to check their suitability for fuel 
cell catalysts preparation. They all showed in common very small particle size, and a narrow 
distribution. Further, supported catalysts were prepared form these hydrosols. To remove the 
unnecessary surfactants they were subjected to conditioning or washing steps. But it was 
found that conditioning step in all cases is not suitable as the particle size increases drastically 
due to higher conditioning temperature (>400°C). At this temperature range colloidal particles 
showed uncontrollable growth [4]. In some cases washing proved to be useful for preparing 
clean supported catalysts. But this washing is not enough to remove all the impurities. 
 
4.5.1.1 REWO, Lauryldimethylcarboxamethylammonium betain as stabilizer 
REWO, is a amphiphilic surfactant. Pt-REWO hydrosols can be prepared 
directly by reduction under Hydrogen in aqueous medium (colloid 26) or indirectly first by 
reducing in THF with LiBEt3H and then suspending it in water (colloid 27), which is more 
advantageous. 
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PtCl2  + 5LiBEt3H  + REWO   →  Pt-REWO (26) + 5LiCl↓ + 5BEt3H + 5/2 H2↑  …Eq. 4.17 
 
PtCl2  + 5/2Li2CO3  + REWO   →   Pt-REWO (27) + 5LiCl ↓ + 5/2 H2CO3           …Eq. 4.18 
 
It is further found that there is a little difference in the particle sizes of colloids 
prepared by both the variations. The advantage remains in the favour of organic phase 
synthesis (colloid 26). This yielded organosol as well as hydrosol. Solubility of this colloid in 
organic solvents is only restricted to the polar solvents like THF, acetonitrile. Another 
advantage is the amount of surfactant required in organic medium is 4 fold less than in 
aqueous medium.  
 
 
This is very useful for further steps when the removal of surfactant is needed to 
obtain impurity free colloidal catalysts. Here the organosol 26 obtained in THF, showed 
H2O, H2, 24hr 
THF, 12hr 
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Fig. 4.22. (a) TEM of colloid 26 and
(b) colloid 27 (c) particle size
distribution of colloid 26. 
WET CHEMICAL SYNTHESES... 
 88
complexation between LiBEt3H and the betain. This has been previously resolved with the 
help of extensive NMR studies [51]. The complexation is between the CO2- group on the 
betain and LiBEt3H. This is evident by the Li7 NMR. The splitting of the Li signal compared 
to the signal in pure LiBEt3H validates this hypothesis. Further, it was found that this 
complexation gets destroyed if the sol was added in water. So after drying, the hydrosol was 
not possible to re-disperse in THF. Such results were also found in case of other betains like 
SB12 (dimethyldodecylammoniopropane sulphate). Moreover solubility of Pt metal in water 
was about 350 mg/L for colloid 26. Colloid 27 was prepared in water with Hydrogen as the 
reducing agent. It required 1:5-8 molar ratio of surfactant REWO: Pt2+. This method is not 
suitable for fuel cell catalysis purpose, as larger amount of surfactants is utilized and it could 
further lead to more possible impurities on the electrocatalysts prepared from it. Also TEM 
analysis, Fig. 4.22(b), of colloid 27 showed that particles were larger and agglomerated. But 
still this could be due to TEM analysis performed after longer time (2 weeks). The particles 
interestingly showed chain- or worm- like structures of 5-10 nm. TEM of Pt-REWO (colloid 
26) is shown in Fig. 4.22(a). Particle size histogram is shown along with. The average particle 
size distribution is 1.2 ±1.0 nm. 
Catalysts could be obtained from these sols, supported on Vulcan by two 
different procedures. Either  by supporting  the colloids in organic solvent on Vulcan XC72 
and then conditioning to obtain the required catalyst or by supporting and leaching the 
surfactant by suitable mix of different polarity solvents. In this case acetonitrile and water 
mixture was proved to be effective. Further, it was found in TGA analysis of supported 
colloid 26 i.e. cat. 26 , that the removal of the protecting shell takes place in 200-450°C in 
conditioning step.  
 
 
Fig. 4.23. TEM of supported cat 26 after
conditioning at 300°C. Agglomerates are
of >20 nm.   
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Further when conditioning is followed at 300°C under Ar, H2, and O2 for 30 
min each, particles increase drastically in size (>20 nm). This is evident by TEM analysis 
(Fig. 4.23) of the conditioned cat. 26 at usual 300°C. This method is therefore not a suitable 
method for the synthesis of fuel cell electrode catalysts. 
Another way of removing the surface shells is by leaching or flocculating the 
colloidal sol in acetonitrile (1:1 molar ratio) with water. After repeated cleaning steps, these 
sols became slowly insoluble in water, and further by the repeated (4 x) washing particles 
settled down and were no more dispersible in water. This indicated that the surfactant was 
indeed removed. But as this is not a suitable method for fuel cell catalyst preparation, 
especially when the catalysis is very sensitive to adsorbed species [5]. This catalyst was not 
further studied. Because washing step is not enough to remove all the impurities from the 
catalyst surface, specially strongly adsorbed groups. Further, Palladium particles are prepared 
with REWO in water, by Hydrogen reduction. But Palladium particles are less stable 
compared to the Pt particles. Solubility is 130 mg/lit, and particle size is 2.4 nm 
monodisperse. 
 
4.5.1.2 Dehyton G 
Pt hydrosol can be obtained with Dehyton G (Cocoamidopropyl betain) as the 
protecting agent with reduction under Hydrogen. The surfactant applied is 4:1 in molar ratio 
to the metal salt. The colloid 28 (Pt-Dehyton G) obtained shows narrow particle size 
distribution in the range of 1.2±0.2 nm. They are monodisperse.  
Colloid 28
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D%=89, Std. Dev.=1.2nm
0
5
10
15
20
25
0.75 1 1.25 1.5 1.75 2 2.25 2.5
Particle size /nm
C
ou
nt
s
Fig. 4.24. TEM of colloid 28. 
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Further washing of Dehyton G with acetonitrile-water was effective to remove 
the surfactant. Conditioning was done to remove the remaining surfactant traces. The 
supported and conditioned catalyst was named as cat. 28. It was found in TGA of this catalyst 
that the surfactant was removed in 200-350°C. XRD analysis shows that particle size 
increases to 7 nm after conditioning (Fig. 4.25). In essence this is also not a suitable method 
of catalyst preparation when clean crystal surfaces and small particle sizes are desired. But on 
the other side the colloidal particles are smaller. And can be directly used for other catalytic 
purposes. Also Pt metal is highly water-soluble (860 mg/lit). Pd -Dehyton G sol is also 
prepared with very good solubility of 840 mg/lit Pd. Particles are monodisperse of 2.1 nm 
particle size. 
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Fig. 4.25. XRD of cat. 28, particle size increase to 7 nm after conditioning. 
 (* = NaCl phase,   o  = Pt phase)                                           
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4.5.1.3 PtRu Dehyton G 
 
 
Pt and Ru precursors, soluble in water were reduced with Hydrogen in 
presence Dehyton G.  As the reduction rate of both metals is different it was assumed that the 
particles formed will not be exactly 1:1 in molar ratio or alloyed. Hydrogen is a slow reducing 
agent and therefore the final output will be reduction rate dependent in contrast to usual 
borohydride reductions where due to strong reducing agent, reduced particles are almost 1:1 
bimetallic or alloyed. PtRu colloid 29 shows phase segregation. Elemental analysis shows that 
Pt has 250 mg/lit vs. Ru is only 70 mg/lit solubility. This was equivalent to Pt2+Ru1. TEM 
analysis shown in the Fig. 4.26 also shows phase segregation of Pt and Ru. When the colloid 
Fig. 4.26. TEM of colloid 29. 
2 0 3 0 4 0 5 0 6 0 7 0 8 0 9 0
0
2 0
4 0
6 0
8 0
1 0 0
R
el
at
iv
e
In
te
ns
ity
2 T h e ta /°
6 0 S
*
*
o
*
*
*
* * *o
o
Fig. 4.27. XRD of cat. 29. Particle size increase >100nm. (* = NaCl phase,   o  = Pt phase) 
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29 was washed with acetonitrile, supported 30 wt.% on Vulcan XC72 and conditioned at 
300°C (cat. 29) particle size was drastically increased, d >100 nm (XRD, Fig. 4.27). Thus 
phase segregation and large particle sizes make use of Dehyton –G for fuel catalysts 
preparation impossible.  
 
4.5.1.4 Ampholyte JB 130 
 
Ampholyte JB 130 i.e. cocoamidepropylbetain is an amphiphilic surfactant. Pt-
sol was prepared with Hydrogen reduction in water with 1:8 (metal salt: surfactant) molar 
ratio. The excess was easily washable by acetonitrile, but this is not enough for obtaining 
clean catalysts. TEM showed 1.6 nm particles (Fig. 4.28). Solubility of Pt metal was 
410mg/lit. Pd-ampholyte particles were also obtained in the similar manner, which showed 
narrow particle size distribution.  The average particle size was ~2nm. 
 
4.5.1.5 Brij 35 (Polyoxyethylene lauryl ether) (31) 
Pt as well as Pd Particles was not stable when reduced in presence of Brij 35 as 
a surfactant (non-ionic). Immediately after the reaction metallic particles fall down. The metal 
content was  < 50 mg/lit.   
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Fig. 4.28. TEM and particle size distribution of colloid 30. 
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4.5.1.6 PtRu /Vulcan (32) by polyol method 
This is a simple and versatile method of nanopowder preparation. This method 
is modified version of the methods used till to date [52]. All the polyol methods used for 
nanopowder synthesis avoid air contact and use alcohol or polyol as solvent. In our process 
we used water and polyol mixture as the solvent and then refluxed the solution. This has 
advantages regarding the monodipersity of nanoparticles. Very narrow particle size 
distribution and colloids could be obtained, when reduced with suitable surfactants.  
The overall reaction can be represented as following, 
Pt4+ + Ru3+ +  7/4 HO-CH2-CH2-OH   → Pt(0)/Ru(0) + 7/4 O=C(H)-C(H)=O + 7H+                         
                                                                                                                                                                                                      …Eq. 4.19 
 
Also for fuel cell catalysis this is interesting as supported catalysts could be 
prepared by reducing the precursors directly on support surface. Nanopowders obtained by 
usual conditioning give quite broad particle size distribution but in this case particles were 
very smaller and mono-disperse and one needs no further conditioning. Also impurities were 
less probable as no surfactants were used. 
   H2O 
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Fig. 4.29. TEM and particle size distribution of colloid 32. 
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Colloid 32, prepared by reducing H2PtCl6 and RuCl3 in water with polyol 
shows very good particle size distribution, with average particle size of 2.8 nm with std. 
Deviation of 1.2 nm. EDX analysis shows Pt0.46Ru0.54, which indicates formation of alloy. 
 
 
Further, the cause of the change in monodipersity can be rationalized as the use 
of water and alcohol mixture dilutes the amount of reducing agent and this can result in slow 
reduction of Pt particles instead of creation of unstable nuclei in more concentration and 
leading to big agglomerates. As in usual procedure due to high concentration of the polyol, 
this agglomeration is possible. While in this modified method, reduction is slower due to 
diluted polyol. Further, supported PtRu-catalyst Cat. 33 is obtained by reducing the salt 
precursors in presence of Vulcan support. TEM analysis of the washed and dried powder 
showed, 3.7 nm particles (Fig. 4.30). 
 
 
 
 
 
 
 
 
Catalyst 33
d NA =3.7nm,d VA =4.1nm,d V =4.6nm,
D%=31, Std. Dev.=1.2nm
0
5
10
15
20
1 2 3 4 5 6
Particle size /nm
C
ou
nt
s
Fig. 4.30. TEM and size distribution of cat. 33. 
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4.5.1.6.1 Pt-REWO by polyol method 
 
This is another interesting pathway to obtain monodisperse particles. Till date 
polyol reduction in water in presence of surfactants is not reported. It was found that by 
reducing the Pt metal salts with ethylene glycol in REWO very small colloidal particles are 
accessible. TEM analysis shows 2.1 nm monodisperse particles (Fig. 4.31). Solubility is high 
as 500 mg/lit. 
 
4.5.2 Pt50Ru50 colloidal powder by Formaldehyde reduction  
This synthesis was performed according to the method described by Auer et al. 
[53]. The over all reaction is, 
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Fig. 4.31. TEM of colloid 34. 
Fig. 4.32. TEM of colloid 35 shows 
agglomerates of 7-10nm. 
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PtCl2  +  RuCl3  +5/2 HCHO   NaOH pH>8, H2O    Pt/Ru (35) +  5HCl  +  5/2 CO↑        …Eq. 4.20 
A solution of PtCl2 and RuCl3 in 1:1 proportion in deionised water was added 
to a suspension of Carbon black, Vulcan XC72 in deionised water with vigorous stirring at 
room temperature. The mixture was heated to 80°C and pH adjusted to 8.5 with caustic soda 
solution. After adding equivalent Formaldehyde the mixture was filtered; the moist filter cake 
was washed with 2 l of deionised water and dried at 80°C, in vacuum. It is black free flowing 
powder. Elemental analysis shows, Pt:Ru in 1:1 atomic ratio. 
XRD pattern showed a negligible shift in the lattice parameter (3.906Å). 
Alloying could not be detected. The particle size determination was difficult due to 
anisotropic distribution of the particles. Presence of a crystalline Ru(101) as stated by Fuess et 
al. [54] is possible.  
TEM analysis showed the formation of large agglomerates of 7-10 nm. Nano-
EDX analysis showed presence of exclusive Ru and Pt phases along with Pt/Ru phases. The 
degree of alloying could not be determined by TEM/EDX analysis, because of the smaller 
particle sizes analysis of individual particles was not feasible. 
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Fig. 4.33. XRD pattern of PtRu nanopowder 35. 
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4.6 Size and Shape Selective Synthesis of Pt Nanoparticles: Seeding Method 
The size and shape control of nanoparticles attracted much attention due to 
their fascinating properties [55-57].  But synthesis of nanoparticles with well-defined 
geometric confinement remains a challenging task. In wet chemical synthesis particle size and 
shape control can be achieved by using capping agents [58] e.g. ligands, surfactants, 
tetralkylammonium salts, dendrimers etc. or templates [59] like micelles, carbon nanotubes 
and porous alumina. Further, by using different ratios of precursors and capping agents 
nucleation and growth steps have been controlled in wet chemical nanoparticle syntheses [60].  
During synthesis nucleation and growth steps during the formation of nano-
particles are sensitive to physical and chemical parameters [61]. Mechanism of Pt 
nanoparticle formation with different shapes has been discussed previously [62]. Seeding 
method to synthesize Au anisotropic structures is also routinely applied [63]. But so far 
developed methods to control size and shape imply drastic alteration of the reaction 
conditions. One has to either change the amount of surfactants many folds or to change the 
temperature to achieve a specific shape. Also, one can obtain a particular shape or size but 
never control both.  
Here a simple and versatile method is described to control Pt nanoparticle 
shapes and sizes. During this seed-mediated synthesis, and buffer action of polymer is 
combined with diffusional growth of nanoparticles by slow reduction as the parameters to 
control shapes and sizes of Pt nanoparticles. Diffusional growth can be achieved by slow 
reduction to vary particle size. A variety of Pt nanoparticle shapes, e.g. tetrahedral, truncated 
octahedral and cubic, in various sizes can be tailored by this method. 
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4.6.1 Seed preparation 
 
Any Pt nanoparticles with smaller particle size ~1nm can be utilized as the 
seeds in this method. We have used colloidal Pt nanoparticles 26, after repeated washing, with 
acetonitrile and water mixture. In order to keep the residue in seed as small as possible, 
washing is repeated. This will leave only a very small amount of stabilizing surfactant. And as 
the amount of seed utilised will be very less, this would not affect the particle formation. As 
stated in previous section the colloid 26 shows very small particles with narrow particle size 
distribution and is suitable for following particle size and shape control experiments. 
 
 
4.6.2 Pt-NaPA colloids 
Sodium polyacrylate (NaPA) stabilized truncated octahedral Pt nanoparticles 
can be prepared in different sizes by varying the amount of the above-mentioned seeds (26). 
The ratio of Pt2+: NaPA kept 1:1. While the concentration of seed in different experiments 
equals, 0, 2 and 5%.  Dominantly truncated octahedral (TO) Pt nanoparticles were obtained in 
all the cases regardless of the seed conc. (Eq. 4.21). For reduction the reaction mixtures were 
stirred under Hydrogen for 24 hr at room temperature. 
Pt2+ + NaPA  + seed (colloid 26) {0/2/5 %}      →  Pt-NaPA (TO) + H2+                    …Eq. 4.21 
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Fig. 4.34. TEM of Pt seed particles (26). Av. particle size ~1nm: Scale bar: 20 nm
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By inspection of Fig. 4.35, it can be concluded that these particles retain their shapes 
predominantly TO, while particle size changes inversely with seeding amount. 15±1 nm 
particles are obtained with 0% seeding, 5±1 nm with 2%, 2.5±0.5 nm with 5% seeding. .  
 
 
 
 
 
 
 
 
 
0
20
40
60
80
100
0 2 5
Seed %; 
C
ou
nt
 %
0
2
4
6
8
10
12
14
16
P
ar
tic
le
 s
iz
e/
 n
m
TO O ITO size
(a) (b) 
(c) (d) 
Fig. 4.35 a) TEM predominately TO nanoparticles,( colloid 36) 15 nm, b)(37) 5 nm,
c)(38) 3 nm, d) graphical representation of size and shape distribution, (TO: Truncated
octahedrons, IT: Irregular TO, O: Octahedrons), Scale bar: 20 nm 
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4.6 3 Pt PVP colloid 
Pt2+ + PVP  + seed (colloid 26) {0/2/5/10 %}      →  Pt-PVP (T) + H2+                       …Eq. 4.22 
 
                    Tetrahedral Pt nanoparticles with different particle sizes were obtained 
dominantly by carrying reduction  of  four  different Pt ion precursor solutions with Pt2+: PVP 
in 10:1 molar ratio. These reaction mixtures were seeded with 0%, 2%, 5% and 10% seed 
particles w.r.t. initial Pt ion concentrations and slowly reduced under Hydrogen for12h. In 
Fig. 4.36, TEM after complete reactions are shown.  
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Fig. 4.36.  
(a) TEM predominately
tetrahedral nanoparticles,
(colloid 39) 8 nm,  
(b) (40) 5 nm,  
(c)(41) 2.5 nm, 
 (d) (42) 1.8 nm, 
 (e) graphical representa-
tion of size and shape
distribution,  
RT: Regular Tetrahedrons, 
IT:Irregular Tetrahedrons
Scale bar: 20 nm. 
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It can be noted that tetrahedral particles with different shapes are formed depending upon the 
concentrations of seed particles. If it is increased from 0% to 2%, 5% to 10%, particle size 
decreases accordingly from 8±1 nm, to 1.8 ±0.2 nm. Thus the relation between the particle 
size and seeding can be correlated again as inverse relationship. It is also clear form TEM that 
higher seeding leads to  smaller particles with size limit tending to particle size of seed. 
Further, with high seeding (10%) very small particles were obtained (Fig. 4.36 (d) ) but 
characteristic shapes like tetrahedral are not easily achievable. But spherical or formless 
particles are obtained for higher seeding concentrations. In the graphical presentation (Fig. 
4.36 (e)), this relationship is made clearer. All reaction conditions and results are summarized 
in Table 4.7 (see page 95).  
 
4.6.4 Mechanism of size and shape control 
For crystalline solid, different crystal facets possess different surface energies. 
Therefore a crystalline particle normally forms facets instead of having spherical shape, where 
in general the surface energy is higher than in a faceted particle. The thermodynamically 
equilibrium shape of a given crystal can be determined by considering the surface energies of 
all facets. 
 
 
 
There is a minimal surface energy when a group of surfaces is combined in a 
certain pattern.  Wulff plot is often used to determine the shape or the surfaces of an 
equilibrium crystals [65]. Surface energy can be estimated considering the bond strength and 
surface atom density [64]. For example, {111} surfaces in a monoatomic f.c.c. crystal have 
the lowest surface energy. However, in practice, the geometric figures of the crystals depend 
upon the kinetic factors these in turn depend upon crystal growth conditions. The different 
TemperatureReduction  
Time 
Surfactant  
Seed
Fig. 4.37. Factors affecting the shape and
size of nanoparticles. The crystallographic
phase of the seed determines the final shape.
Stability of the phase depends upon
environment- e.g. temperature, and stabilizer.
Stable phases are formed under
thermodynamic control.  Anisotropic phases
can be formed under kinetic growth
conditions 
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factors controlling the size and shape of the final nanocrystals are given in Fig. 4.37. They are 
discussed as following. 
Buffer action of polymer renders nanoparticles different stable shapes in a 
particular reaction environment. For example, a strong adsorption of polymer would occupy 
the nanoparticle growth sites, and thus reduce the growth rate of nanoparticles. A full 
coverage of polymer stabilizer would also hinder the diffusion of growth species from the 
surrounding solution to the surface of the growing particle. Different concentrations of 
polymers also influence the growth rate of different facets leading to different shapes of 
nanoparticles [60(b)]. One can simply say that shape obtained by nanoparticles of one type is 
intrinsic property of the polymer at that concentration, due to constrained environment during 
the nanoparticle growth tuning their shapes accordingly [60(c)].  
Further, the reducing agent strength also affects the shape and size of 
nanoparticles as final products. Stronger reducing agent causes abrupt surge of concentration 
of the growth species  resulting in a very high super-saturation, consequently a large number 
of nuclei would result which would grow with coalescence of primary particles. On the other 
hand slow reduction process will favour the diffusional growth of nanoparticles, leading to 
monodipersity [66]. The use of Hydrogen in these experiments therefore assures 
monodipersity of  nanoparticles.  
Two types of mechanism can be considered for the nanoparticle growth with 
Hydrogen as the reducing agent. First is the general LaMer mechanism which suggests 
nucleation through super saturation and then diffusional growth for separating the time 
parameter of nucleation and growth, which is necessary to achieve monodipersity. While 
second mechanism investigated, especially when Hydrogen is used as reductant, is Finke 
mechanism [67]. Where slow, continuous, low-level nucleation, which is far from super 
saturation, takes place and followed by autocatalytic growth for obtaining monodipersity of 
nanoparticle by separating the time parameter for growth and nucleation. But whatever the 
real mechanism is, it is clear that the use of Hydrogen as the reducing agent will lead to the 
monodisperse nanoparticles as the nanoparticle growth is a slower process. Also keeping the 
growing species concentration very low, as in our experiments, further favours uniform 
distribution of nanoparticles.  
A general representation of Pt nanoparticle formation mechanism is given in 
Fig. 4.38. The fast reduction causes formation of octahedral nuclei i.e. equal growth of both 
surfaces (111) and (100) of nanoparticles which further grow to give final shape either of TO 
or cubic depending upon the seed and precursor concentrations. While under slow reduction 
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in Hydrogen tetrahedral shapes can be formed depending upon the polymer used (for example 
in PVP one gets tetrahedral nuclei, while in NaPA most probably TO nuclei are formed). 
Further depending upon the polymer concentration different shapes can be formed. In Fig. 
4.39 it is shown how all these factors affect the particle shapes in similar protecting agent but 
different concentrations. Different shapes of nanoparticles are obtained in these experiments. 
Though tetrahedral shapes are obtainable by using very high concentration of 
NaPA, the shapes are less dominant, mostly dominant are the TO shapes. Thus the ability to 
render Pt nanoparticles the TO shape can be considered as the intrinsic property of NaPA 
surfactant. 
Further, the concept of seed-mediated growth to prepare monodisperse gold 
sols is well developed [68]. It was found that for slow reduction in presence of seeds gives 
faceted particles. The seeds can act as the nucleation centres and grow due to the reduction of 
bulk metal ions at their surfaces. Slower reducing agent, as Hydrogen, inhibits the additional 
nucleation but promotes non-spherical particle formation. 
 
High polymer 
 concentration  
Fast reduction  
 /Methanol  
reduction 
Slow reduction /H2  
and type of polymer 
 
Low polymer 
concentration
Precursors
 
Fig. 4.38. Mechanism of Pt nanoparticle formation under different experimental
conditions.  
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Table 4.7. Summary of all the reaction parameters. 
[a] PA: protecting agent, [b] T: reduction time 
 
Thus the origin of the characteristic shapes like TO and tetrahedron during these experiments 
is explainable. Also different seed concentrations yield different sizes of faceted structures. 
Because more the seeds, slower is the growth and faster exhaustion of additional primary 
particles. Moreover, the critical size of nuclei or seeds in homo- or heterogeneous nucleation 
represents the limit of final nanoparticles size this is also observed in our experiment where 
(PA[a]) Seed% Size (nm) Shape 
Ratio 
Pt2+:PA Temp./°C 
T[b]/hr 
 
NaPA 0 15 TO 1:1 25 24 
 2 5 TO 1:1 25 24 
 5 3 TO 1:1 25 24 
PVP 0 10 T 10:1 25 24 
 2 5 T 10:1 25 24 
 5 2.5 T 10:1 25 24 
 10 1.8 Spherical 10:1 25 24 
Pt precursors + NaPA in water
1:11:5 
1:1 
<5%
1:5   
<5% 
1:5  
>10%
5 nm 15 nm10 nm  3 nm Rods, Width: 7 nm, 
Length: 20 nm 
Fig. 4.39. Formation of different shapes with different reaction conditions. NaPA 
favours formation of truncated octahedral particles of Pt. 
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nearly spherical particles are obtained for higher concentration of seeds (10%) with PVP 
surfactant.   
Thus the important key 
for the shape control synthesis of 
metal nanoparticles is to control 
the growth rate of the {111} and 
{100} planes of nanocrystallites 
(Fig. 4.40). This is achievable 
under kinetic reduction conditions. 
NaPA leads under controlled 
kinetic growth conditions TO 
particles, which suggests equal 
growth of both the planes. While 
PVP protected particles are 
Tetrahedral in nature under similar 
conditions suggesting growth of {111} planes preferred over {100} planes. Further only 
incorporation of additional metal atoms on to the preformed seeds will favor the development 
of the crystals with more regular shapes (facets, edges), with few irregularities in their lattice, 
dense and with little internal grain boundaries under slow growth conditions [61]. While very 
high seeding tends to anisotropic shapes like rod formation. This is explainable on the basis 
that high seeds cause agglomeration or coalescence of particles favoring their anisotropic 
growth. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
{111}
{100}
Truncated Octahedron
Fig. 4.40. Face-centred-cubic lattice structures of Pt,
- Depending upon the growth of {111} and {100} 
   planes, Cubic Truncated Octahedrons, or  
  Tetrahedrons are formed. 
- The final shape is determined by kinetic as well  
   as thermodynamic effects. 
{111}
Tetrahedron
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4.7 Synopsis  
 
During this work following conclusions were reached. 
 
1. The impurities generated from the excess of protecting agent (NR4X) in 
tetraalkylammonium triorganohydroborate method (Bönnemann method) of colloidal 
nanoparticles preparation, can be reduced systematically. It was found that the 
optimum amount of NR4X required to stabilize Pt and PtRu particles can be decreased 
to 60% when the required amount of BEt3H- reductant is substituted with LiBEt3H.  
2. Further, it was found that the reverse addition mode (of metal salt addition to the 
protecting shell-reducing agent i.e. (Octyl)4NBEt3H) yields small nanoparticles with 
narrow size distribution. Also the amount of protecting agent could be further reduced 
to 50%. This is possibly due to controlled growth of nanoparticles. When metal salts 
added in reverse mode to the reducing agent and protecting agent mixture, 
homogeneous growth of nuclei is feasible. On the contrary usual addition of 
tetraalkylammonium triorganohydroborate in the metal salts suspension can cause 
inhomogeneous growth of nanoparticles. Moreover, initial fast addition gives 
sufficient number of nuclei, which further grow by diffusional growth when followed 
by slow addition. Thus reverse addition not only reduces the cost of synthesis but also 
lowers impurities, which can affect the catalysts properties. 
3. Sung’s method, (LiBH4 reduction method) and LiBEt3H reduction method for 
nanoparticle preparation were investigated. These methods yield small metal 
nanoparticles (2-3nm). Further, no organic protecting agent is required for 
nanoparticle stabilization. One can obtain smaller particles just by using reducing 
agent in stoichiometric excess. This excess possibly forms BH3/BEt3-THF complex, 
which was detected by NMR and mass spectrometry. This complex may act as 
electrostatic stabilization around nanoparticles. Compared to Sung’s method, 
LiBEt3H is more suitable for the preparation of supported and unsupported impurity 
free fuel cell catalysts due to easy removal of borane impurities in later case. 
4. The NMR, IR, EDX and HRTEM analysis of [Nb·0.3THF]x (15) and [V·0.3THF]x 
(16) colloids, prepared by KBEt3H reduction method, showed that these colloids 
consist of very small metallic particles coordinated to intact THF ligands. The XPS 
examination of colloid 15 supported the presence of Nb(0) particles co-ordinate with 
intact THF shell. A considerable bonding interaction accompanied by a charge 
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transfer or polarization to the coordinated THF molecules is possible. The electronic 
and geometrical properties will be presumably close to Ti colloid as both of these 
colloids show particle sizes below 0.8 nm. In case of colloid 16 it was difficult to 
follow XPS characterization, as the BE signal of V 2p3/2, is positioned near to the 
dominant signal of O 1s. But XRD analysis of colloid 16 showed presence of an 
amorphous material. This is well in agreement with the TEM results. The weak signal 
corresponds to some V-oxide phase, but does not match with any literature data. This 
suggests that this can be of V-O(THF) interaction.  
5. Chloride free Pt based colloids are accessible using Armand’s ligands (17) and (18) as 
stabilising agents, prepared by decomposition of organometallics. The resulting 
highly dispersed colloids prepared, show particle sizes <2 nm with a narrow particle 
size distribution. By supporting Pt colloids, stabilised with octyl- or butyl- substituted 
Armand’s ligands {(17) and (18)} on commercial conductive support (Vulcan XC 72) 
highly dispersed Pt catalysts were prepared. Starting from bimetallic precursors and 
Armand’s ligand (17) as the stabiliser a Pt1Ru1 catalyst is obtained analogously. 
Removal of the stabilising shell by conditioning led to catalysts showing high particle 
dispersions. XRD analysis confirmed the alloy state of Pt and Ru which yield a 
Pt1Ru1/Vulcan catalyst. XPS and EDX analyses revealed the absence of chloride or 
any other impurity on the catalyst’s surface. Thus the use of Armand’s ligand in 
Bönnemann’s method yields impurity-free catalysts. 
6. Truly alloyed PtRu (1:1) colloidal particles are obtained by decomposition of 
organometallics and reductive stabilization mode in presence of Trimethylaluminium. 
Leaching and conditioning to clean the nanoparticle surfaces causes increase in the 
particle size almost two fold. But all and all the particles prepared are smaller < 3nm. 
7. Water phase synthesis proved to be a versatile pathway to prepare small Pt, PtRu and 
Pd nanoparticles (<2nm) by Hydrogen reduction. The particles were stabilized by a 
variety of surfactants like REWO, DEHYTON-G and AMPHOLYTE. But these 
hydrosols are not suitable as precursors for preparation of clean catalysts. Because of 
the bulky nature of the surfactants, >400°C temperature is required for conditioning. 
And it was observed that nanoparticles drastically grow in size when conditioned at 
this temperature (Pt-Dehyton G: 7nm while PtRu-Dehyton G: >100nm). Further, 
washing with acetonitrile could be used for removal of the surfactants, but again it is 
difficult to wash strongly adsorbed species on the nanoparticle surfaces. Also phase 
segregation in bimetallic colloids was observed. Further, use of formaldehyde as a 
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reducing agent yields PtRu bimetallic particles, but of higher average particle size of 
15 nm. Therefore it is also not suitable for fuel cell catalysis as the activity loss would 
take place with bigger nanoparticle size and consequently lower surface area. Polyol 
methods are interesting, specially modified polyol method (reduction is followed in 
water and polyol instead of usual anhydrous and anaerobic conditions). It was found 
that particles were smaller with narrow size distribution and alloyed. These particles 
could be directly supported on Vulcan by reducing the metal precursors in presence of 
Vulcan.  
8. Seeding method is a versatile method to prepare size and shape selective 
nanoparticles. Truncated octahedral (TO) and tetrahedral Pt particles with different 
sizes were prepared by this method. Particle size and shape control was achieved by 
controlling following parameters: (i) type of surfactant, (ii) amount of seed and      
(iii) diffusional growth by slow reduction under Hydrogen. During our experiments 
pre-prepared Pt-seeds (~1nm) were applied. TO nanoparticles of 15nm, 5nm and 2.5 
nm can be prepared by seeding Pt2+-Na-polyacrylate solutions (in 0, 2, and 5% 
respectively) and followed by slow reduction. While 10 nm, 5 nm, 2.5 nm, tetrahedral 
Pt nanoparticles were obtained by seeding Pt2+- PVP solutions(in 0, 2, and 5% 
respectively). Further, very small formless Pt particles were obtained when 10% seed 
was added to the Pt2+- PVP solution. The particle size varies inversely in relation to 
the seed amount in both the cases. This has significant impact in catalysis as shape 
and size control of the nanoparticles determine their electronic as well as catalytic 
properties due to imposed boundary conditions.  
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CHAPTER 5 
CO-OXIDATION AND METHANOL OXIDATION 
ACTIVITY OF COLLOIDAL FUEL CELL CATALYSTS 
TYPES 
 
 
 
5.1 Methanol oxidation activity dependence upon colloidal catalysts types 
The state of the art catalysts for methanol oxidation are based on a Pt/Ru 
system. Activity enhancement of PtRu over Pt catalyst activity is explained by a bi-functional 
catalysis theory. Regarding the electronic effect Ru promotes adsorption of methanol at lower 
potentials by providing more kinetically active sites for methanol chemisorption [1]. Further, 
Ru acts as a promoter by oxidizing CO at lower potential compared to pure Pt. Under direct 
methanol fuel cell (DMFC) conditions, high surface area, supported catalysts and unsupported 
PtRu blacks can be employed. Activity of PtRu catalysts in methanol electrooxidation 
depends on factors such as: particle size and distribution, dispersion, bulk and surface Pt:Ru 
ratio, metallic state of Pt and Ru, extent of PtRu alloying, crystal surfaces, catalyst 
morphology, and further the type of carbon support. The individual catalyst preparation route 
can tailor all these factors. Here we compare methanol oxidation densities of different PtRu 
catalysts prepared via different synthetic approaches.  
 
5.1.1 Synopsis of nanoparticle preparation methods 
In general, preparation routes can be divided into two major groups: salt 
impregnation and colloidal methods.  In this section carbon supported catalysts were prepared 
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by three variations of salt reduction using different metal salts, reducing agents and stabilizing 
agents. These were compared in regard to their catalytic activity towards methanol oxidation. 
The synthetic methods were previously discussed in chapter 4. In one case supported and 
unsupported samples were also compared. CO stripping voltammetry and methanol oxidation 
was compared under steady state conditions at room temperature (21°C) and at 60°C.  Also, 
long term stability tests (chronoamperometry) and by using electrochemical impedance 
spectroscopy were performeda. 
 
5.1.2 Catalyst preparation 
Methods compared are: Bönnemann method, LiBEt3H reduction, and 
Trialkylaluminium reduction. These are most promising methods for fuel cell catalyst 
preparation. In all catalysts PtRu ratio was 1:1 with 30 wt % total metal loading. The different 
catalysts studied are summarized in Table 5.1, 
Table 5.1. Catalysts comparatively studied 
 
5.1.3 Characterization  
5.1.3.1 Physical characterization 
The physical characterization of catalysts was already presented in detail in 
chapter 4, as tabulated in Table 5.1. In general it was confirmed that all catalysts have PtRu 
approximately 1:1 atomic ratio. EDX analysis of unsupported catalyst- cat. 12  showed, 
                                                 
a Electrochemical analyses presented in 5.1 are performed by Tanja Vidakovic 
Method of preparation Pt1 Ru1 Catalysts Synthesis in Section 
Bönnemann’s method cat. 8 (PtRu/Vulcan) 4.3.1.3 
Cat. 12 
(PtRu-black) 4.3.3 
Cat. 13 
(PtRu/Vulcan-not conditioned)              LiBEt3H reduction 
Cat. 14 
(PtRu/Vulcan-conditioned)  
Cat. 24 
(PtRu/Vulcan-unleached) 4.4.2 Trialkylaluminium reduction Cat. 25 
(PtRu/Vulcan-leached)  
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besides Pt and Ru presence of Chlorine, approximately 6 mass%. Chloride residue probably 
remained because of insufficient washing.  
In XRD analysis lattice parameters values for cat. 8 and cat. 12-14 were between the lattice 
parameter of pure Pt and lattice parameter of PtRu alloy with 90.3 at. % of Pt. This indicated 
a very low extent of alloying. In the case of cat. 25 lattice parameter value correspond to Pt 
content of approximately 48.3 at. % Pt a. 
For all investigated samples no peak reflections characteristic for h.c.p. crystal 
structure of Ru were obtained. In case of cat. 25 according to lattice parameter value, a PtRu 
alloy with almost 1:1; Pt:Ru composition was formed, so no peak reflection from pure Ru 
phase could be expected. For other two catalysts cat. 8, cat. 14, the absence of characteristic 
Ru peak was found. This could be due to several reasons. One is that Ru particles are too 
small and not in crystalline state i.e. X-ray amorphous. L. Dubau et al. [2] attributed similar 
findings to Pt particles decorated by Ru particles. The third reason is that Ru is present as Ru-
oxide as  was reported by Rolison [3] et al. and Behm et al. [2]  who investigated several 
commercial Pt-Ru catalysts and found that they are predominantly composed of  Pt metal 
phase and Ru-oxides. In our case no peak reflections of anhydrous or hydrous Ru oxide was 
obtained neither for cat. 8 nor the cat. 12-14. Peak reflections of hydrous Ru-oxide are with 
low intensity and peaks are broad so the presence of Ru-oxide cannot be excluded at least for 
cat. 13 (unconditioned sample). In case of cat. 8 EDX analysis showed presence of Pt, Ru and 
carbon (from carbon support) and excluded the presence of Ru-oxide. But, the exact 
arrangement of Ru particles cannot be deduced from this data. The average particle size is 
estimated by using Scherrer equation [5]. Values are shown in Table 5.2.  
In TEM analysis, no significant particle agglomeration was observed. Particles 
were uniformly distributed over Vulcan XC-72 support. Particle size varied and was 
dependent on preparation route. The smallest particle size was obtained by trialkylaluminium 
reduction method. Unleached sample (cat. 24) had particle size of 0.8 – 1.2 nm, very uniform 
particle size distribution and regular particles coverage over the support. After leaching 
particles agglomerated particle size for cat. 25 was from 1.8 – 2.8 nm.  
                                                 
a Lattice parameters values for all catalysts were lower than for bulk PtRu alloy The contraction of lattice 
parameters in metal nanoparticles relative to values expected for bulk samples were already reported in the 
literature [4]. This effect was interpreted as following from an increase in the surface stress due to the high 
curvature of the particles. 
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Table 5.2. Pt at % (EDX, XRD), mean particle size (XRD and TEM) and lattice parameter 
(XRD) for several 30 wt.% PtRu catalysts supported on Vulcan XC-72. 
 
In case of cat. 12-14  TEM showed particle size for unsupported catalyst 12 
was greater than of supported sample cat. 13-14. According to TEM and SEM analysis cat. 8 
consisted of Platinum nanoparticles (possibly separate Pt and Ru rich particles, also 
confirmed by XRD data) and Ruthenium nanoparticles. The results of the methods used (EDX 
and XRD determined PtRu composition, the mean particle size determined by XRD and TEM 
and lattice parameter obtained by XRD) are summarized in Table 5.2.  
Further, In-situ characterization was performed by CO-stripping voltammetry 
and cyclic voltammetry in a base electrolyteb and will be discussed in the following text.  
Carbon monoxide is considered to be a “test molecule” in electrocatalysis. CO 
stripping voltammetry has threefold function: First, CO stripping charge can be obtained by 
integrating surface area under CO stripping wave and as a result a catalyst’s “real surface 
area” can be estimated. Second, onset potential, peak potential and shape of CO stripping 
wave are surface sensitive [6]. Third, as CO is considered as an intermediate in methanol 
oxidation then higher activity in CO oxidation can be correlated with higher activity towards 
methanol oxidation. 
                                                 
b
 In electrochemistry cyclic voltammetry of bulk polycrystalline and especially single crystal surfaces is 
considered as a fingerprint of an electrode surface [7]. 
 
Catalyst Pt (at %) d/nm afcc/ nm 
 EDX XRD XRD TEM XRD 
cat.  8 52.8 90.3 <4 2.2-2.7 0.391 
cat. 14 50.3 100 2-3 2.7 0.392 
cat. 13 50.3 90.3 2 2,7 0.392 
cat. 12 48.9 90.3 3 3 0.3909 
cat. 24  / Amorphous 0.8-1.2 / 
cat. 25 54 ~48.3 3 1.8-2.8 0.3828 
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Fig. 5.1. CO stripping voltammograms of PtRu carbon supported catalysts corrected for 
baseline. 
Fig. 5.1 summarizes results for the CO stripping voltammetry of saturated CO 
monolayer on different PtRu supported catalysts.   
Only anodic parts of the voltammograms are presented. CO stripping surface 
areas were obtained by integrating the peak areas. For comparison with CO stripping surface 
area, assuming spherical particles with the diameter determined from XRD, made rough 
estimates of total surface areas.  
Results are summarized in the Table 5.3. In the case of cat. 8 and cat. 13, CO 
stripping area is about one third of XRD surface area (36% and 32 % respectively). For cat. 
24 and cat. 13 utilization was further lower (17%). Thus the nanoparticles are only partially 
utilized for electrocatalysis. In the literature catalyst utilization under fuel cell conditions can 
vary from 50 % [8] to 80 % [9] compared to BET surface area. Utilization is influenced by 
preparation procedure, content of metallic oxide phase, temperature and catalyst 
preconditioning [8], and also by procedure used to get CO stripping surface area from 
experimental data. High metal oxide content can significantly decrease CO stripping surface 
area as shown in ref. [8]. If CO stripping is performed at higher temperatures and on reduced 
sample CO stripping surface area increases [8, 9]. Very low catalyst utilization in the case of 
cat. 13 (unconditioned) sample could be due to the higher Ru-oxide content compared to 
conditioned sample. In case of cat. 25 low utilization could be due to limited accessibility of 
Cat. 8 
Cat. 25 
Cat. 13 
Cat. 14 
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particles deposited in the small pores of carbon support or Al-impurities present on the 
catalyst surfaces. 
 
 
 
 
                                Table 5.3. PtRu catalysts XRD and CO stripping SA. 
 
According to pore size distribution measurements on Vulcan XC-72, pores in 
the range from 30-50 nm mainly govern surface area of the carbon black, but fraction of the 
small pores with a pore size of about 3 nm is not negligible [10]. Originally, 
trialkylaluminium reduction  cat. 25, procedure produced small particles with a particle size 
in a range from 0.8 to 1.2 nm. As produced catalyst was supported on Vulcan XC-72 support 
and it could be possible that some of the particles are impregnated in the pores with small 
diameters, which were later inaccessible. But the exact reason is not clear. 
Further, onset and peak potential values differ for different electrocatalysts. In 
general the shape of CO stripping wave for all investigated catalysts reflected same features. 
The commence of CO oxidation is for cat. 9 at most negative potential. Peak heights 
decreased in order cat. 8 > cat. 25 > cat. 14> cat. 13.  
In Gasteiger’s et al. [6] study was shown that for bulk PtRu alloys CO peak 
potential is changing with Ru surface composition and maximum was obtained at Ru 
composition of 46 at % Ru. Cao et al. [11] draw similar conclusion for CO oxidation on Pt 
blacks decorated by Ru. In their case maximum was obtained when estimated Ru surface 
composition was between 38 and 57 at %Ru. In addition Dubau et al. [2] showed that for the 
same PtRu bulk composition, alloyed PtRu catalyst was less active than Pt+Ru catalyst 
obtained by mixing of Pt and Ru colloidal particles. To summarize literature data, two main 
tendencies are recognized: First, maximum towards CO oxidation appears at Ru surface 
composition of approximately 50 at % and second alloyed catalyst is less active than non-
alloyed catalyst. In Dihn’s et al. [8] study CO stripping voltammetry was used for in situ 
catalyst characterization. CO stripping data reported for PtRu bulk alloys [6] were used as a 
basis for in situ diagnostic. In our case this comparison cannot be easily applied due to two 
reasons:  
Catalyst SXRD/m²/g SCO/m²/g 
cat. 8 90 33 
cat. 13 82 14 
cat. 14 84 27 
cat. 25 111 25 
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a) smooth surfaces usually do not behave the same as rough surfaces made of nanoparticles   
b) mechanism of CO oxidation includes OH species adsorbed at the surface; if 
the rate determining step is reaction between adsorbed CO and OH, then in CO stripping, the 
peak potential can be pH dependent and consequently be influenced by H+ concentration in 
the supporting electrolyte. So comparison of peak potential values with literature values 
referring to ‘bulks’ is not simple and should be processed with caution.  
According to XRD and TEM data cat. 8 were a mixture of Pt-rich particles 
(PtRu alloy with roughly 10 % Ru) and Ru particles. cat. 12-14 consists of Pt rich phases. In 
which form Ru is present in this catalyst is not clear. cat. 25 was alloyed PtRu with 
approximately the same 1:1 PtRu composition as nominal. If all three catalysts would be pure 
alloys with different PtRu compositions then according to Gasteiger et al. [6] the most active 
catalyst would be the cat. 25 with a PtRu composition of approximately 1:1. Here the greatest 
activity towards CO oxidation was obtained for cat. 8. Cat. 12-14 showed the lowest activity 
for CO oxidation. This indicates that although lattice parameters for cat. 12-14 catalysts were 
similar as for cat. 8 that how Ruthenium is arranged can play role in determining overall 
catalyst activity. 
 
5.1.3.2 Cyclic voltammetry in absence of methanol 
The cyclic voltammograms of MEAs prepared with PtRu catalysts supported 
on Vulcan XC-72, in the absence of methanol are shown in Fig. 5.2.  
The potential region was chosen in order to prevent Ru dissolution [13]. In the 
description of cyclic voltammetry behavior of these catalysts (Fig. 5.2), the potential region 
Cat. 8 
Cat. 14
Cat. 25
Fig. 5.2. Cyclic volta-
mmograms of different
PtRu catalysts/Vulcan XC-
72 (30 wt.%) at 22°C.
Water in the working
electrode compart-ment.
Sweep rate 50 mV s-1.  
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was divided into two regions: Hydrogen adsorption/desorption” region due to the often-used 
similarity with Platinum behaviorb  and “double layer region”c. 
"Hydrogen adsorption/desorption" region denotes region between -0.2 to 0.1 V 
vs. Ag/AgCl. For all investigated catalysts different voltammetric features were found. 
According to the literature data catalyst’s features in this region are influenced by Pt:Ru 
surface composition [6,11,15,16]. Absence of the H-adsorption peak that corresponds H-
adsorption on Pt(100) surface was observed for PtRu alloys with Ru content higher than 3 at 
% Ru. Similar results were obtained in Chu and Gilman [15] paper, who showed that cyclic 
voltammograms of PtRu alloys containing less than 50 at % Ru resemble that of pure Pt, with 
H adsorption at potentials more positive than -0.1 V vs. Ag/AgCl, while those for alloys 
containing more than 50 at % of Ru resemble that of pure Ru i.e. no Hydrogen adsorption at 
potential more positive than -0.1 V vs. Ag/AgCl is observed. Also Batista et al. [16] observed 
similar results for PtRu alloys with two different compositions Pt:Ru 85:15 and 50:50. 
Gradual decrease of typical Pt features was obtained on Pt black catalyst after modification 
with Ru [11]. 
In case of cat. 14 (conditioned) H-adsorption on Platinum was completely 
suppressed and according to literature results this corresponds to high the Ru surface 
composition. However, it was difficult to quantify Ru surface composition and it was only 
possible to state that composition is higher than 50 at %Ru. From XRD data it was seen that 
this catalyst is a combination of Pt rich phase and it was not clear about Ruthenium presence. 
Similar CV features as in cat. 14 were obtained on Pt (111) electrodes modified by Ru 
deposition [17,18]. Tentatively it could be concluded that cat. 14 particles were Pt-rich 
particles decorated with Ru stains at the surface. In case of cat. 8 more expressed Platinum 
features should be expected. According to XRD and TEM the catalyst was a combination of a 
Pt and Ru rich phase. Not very expressed H-regions were found and could be explained by 
overlap of Ru features with H-adsorption on Pt in this region. Regarding cat. 25 very similar 
CV features as in the case of Ru decorated Pt black with the Ru surface coverage between 
0.33 and 0.45 [11] and an unsupported PtRu with 58 at % Pt [15] was obtained. The “double 
layer region” extends approximately from 0.1 V to 0.5 V vs. Ag/AgCl. The current in the 
                                                 
b In case of Pt-Ru catalysts Hydrogen adsorption proceeds only on Pt-adsorption sites and it is influenced by 
adsorption of Oxygen-containing species on Ru. 
c In this region current is not merely governed by capacitive contribution, but also by Faradaic current due to 
OH adsorption. 
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double layer region should correspond: 1) to the capacitive current from carbon support, 2) 
the capacitive current due to metal loading i.e. PtRu particles, and 3) the pseudo capacitive 
current, due to presence of Ru-oxide and OH adsorption/desorption. Experimentally, double 
layer capacitance was determined from a current vs. sweep rate plot using the difference 
between anodic and cathodic current at constant potential in order to eliminate error due to the 
Faradic reaction [20]. The value for cat. 25 was about 0.3 F. For bulk metal electrodes double 
layer capacitance per square centimeter is in a range from 10-30 μF cm-2 [20]. If middle 
value is taken and multiplied by the real surface area determined by CO stripping than a 
contribution of double layer capacitance in the experimentally obtained capacitance is only 
3.5 %. Obviously, current in this region is mainly governed by other contributions i.e. carbon 
support capacitance and by pseudo-capacitance. 
 
5.1.3.3 Catalyst activity in Methanol Oxidation 
Steady-state experiments for methanol oxidation on different PtRu catalysts 
supported on Vulcan XC-72 at a flow rate of 10 l/h at room temperature (22°C) and 60°C are 
shown in Fig. 5.3. The currents were corrected for the background current, recorded under the 
same conditions in the absence of methanol. The correction was insignificant for all catalysts. 
In the potential region from 0.15 to 0.3 V vs. Ag/AgCl at room temperature 
and 0.1 to 0.25 V vs. Ag/AgCl at 60°C straight lines were obtained with different slope values 
for different catalysts. This region is known as “Tafel region” and the slope is denoted as 
“Tafel slope”. Tafel slope values are listed in the table below. 
Fig. 5.3. Steady state polarisation
curves for methanol oxidation on
different PtRu/Vulcan XC-72 (30
wt.% metal loading) catalysts at
22°C and 60°C with the flow rate
of 10 l/h. Methanol
concentration in the working
electrode compartment 1M. 
(□ (A) cat. 8 ,  ○ (B) cat. 14,  ∆ (C) cat. 
25 ) 
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Table 5.4. Tafel slope values for different 30 % PtRu/Vulcan XC-72 catalysts at 22 and 
60°C. 
 
At room temperature Tafel slope values for cat. 8 and cat. 14 were almost the 
same (about 120 mV dec-1), while the value for cat. 25 was a little higher. At 60°C Tafel slope 
values were approximately the same for all catalysts. The temperature increase caused a 
decrease of the Tafel slope value (from 120 to approximately 108 mV dec-1) for cat. 8, cat. 14 
and (from 139 to 107 mV dec-1) for cat. 25 . By increasing temperature a commencea of the 
reaction shifted for approximately 100 mV for all of the investigated catalysts. The linear 
region was also shortened and the reaction reached the condition of mixed control about 100 
mV earlier than at room temperature. Tafel slopes of approximately 120 mV dec-1d are usually 
attributed to the reaction between adsorbed species on the surface as a rate determining step 
i.e. oxidative removing of the COads species in the reaction with OHads species [21]. If rate-
determining step was rationalized in this way than increase of the reaction rate with 
temperature could be caused by: 
a) acceleration of this reaction itself  
b) shift of a equilibrium potential for the reaction in negative direction. 
                                          H2O  ⇔  OHads +  H+ + e-                                                     …Eq.5.1 
As a result, OHads species concentration would be increased which will favor 
higher reaction rates at lower over potentials. Cyclic voltammograms of cat. 14 MEA in the 
absence of methanol at two different temperatures 22°C and 60°C are shown in Fig. 5.4. At 
higher temperature Hydrogen evolution starts at more negative potentials and a difference is 
observed in the double layer region as well, where the beginning of the OH adsorption is 
shifted towards more negative potentials. The same features were observed for all other 
examined catalysts (not shown).         
                                                 
a A “commence” of the reaction is a poorly defined term. Here it was chosen as potential where reaction rate 
reaches 1 mA 
Catalyst Tafel Slope / mV dec-1 
  t = 22°C t = 60°C 
cat. 8 118 108 
cat. 14 121 108 
cat. 25 139 107 
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In the potential region from 0.3 to 0.5 V vs. Ag/AgCl at room temperature and 
0.25 to 0.5 V vs. Ag/AgCl current was no more only kinetically controlled. For all catalysts 
increase of the slope to approximately 200 mV dec-1 was observed and then the system 
approached “limiting current” region. The origin of the limiting current is still not clear in the 
literature. At room temperature the catalytic activity for methanol oxidation decreased in the 
order cat. 8> cat. 14 ~ cat. 25, while at 60°C activity of cat. 8 is the same as of cat. 14. The 
least activity is again obtained for cat. 25. 
 
Observed difference in activity could be caused by several reasons:  
a) different mechanism of methanol oxidation  
b) different real surface areas  
c) different extent of alloying  
d) particle size effect 
e) geometrical effect  
 
According to Tafel slope values rate determining step was the same for all catalysts. Two rate 
determining steps appear in the methanol oxidation reaction mechanism: first physical 
methanol adsorption and second the reaction between the COads and OHads species. If 
mechanism is rationalized in this way then according to results Tafel slope is changing from 
40 mV dec-1 to 120 mV dec-1. After that limiting current above region is reached. As it was 
discussed above, region of very low Tafel slope corresponds to low currents and was not 
Fig. 5.4. Cyclic
voltammogram of cat. 14
catalyst, supported on
Vulcan XC-72 at 22°C and
60 °C. Sweep rate 20 mV/s.
Flow rate 10 l/h. 
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experimentally verified (only an indication was seen, but due to the fact that currents in this 
region are in the range of background currents these points are usually discarded). In Fig. 5.4 
Tafel slope values of approximately 120 mV dec-1 were obtained at room temperature and 
about 107 mV dec-1 at 60°C and were in accordance with the proposed mechanism. Real 
surface areas for all catalysts were obtained by CO stripping voltammetry. The trend was 
found as follows: cat. 8 > cat. 14 > cat. 25. Reaction rates for methanol oxidation were 
normalized in respect to real surface areas and results are shown in Fig. 5.5. The trend in 
catalyst activity remained the same. Both ex-situ and in-situ catalyst characterization methods 
have shown that as synthesized catalysts differ in the extent of Pt Ru alloying, particle size 
etc. The highest activity was obtained for cat. 8. This catalyst is rationalized as Pt-rich phase 
in contact with Ru metal phase. cat. 14 had the same lattice parameter as cat. 8 but here it is 
probable that Pt-rich particles were decorated with Ru particles. So it can be expected that Ru 
surface concentration was higher than in cat. 8. The optimal Pt:Ru composition for activity 
was changing with a temperature [23]. At room temperature of Pt- rich catalyst is more active 
while at 60°C a Ruthenium begins to be active too. According to XRD data cat. 25 could be 
assigned as PtRu alloy with PtRu composition close to nominal 1:1. Tentatively, the same 
could be concluded from electrochemical characterization in the base electrolyte.  
 
It was already reported that alloyed catalysts have lower activity than non-
alloyed [24]. In our case no definite conclusion could be drawn initially while in respect of 
cat. 25 because, compared to other catalysts is different not only in the extent of PtRu 
alloying but also in PtRu particle composition. 
Fig. 5.5. Steady state polarisation
curves for methanol oxidation on
different 30 wt% PtRu/Vulcan XC-
72 supported catalysts at 22 and
60°C and at flow rate 10 l/h.
Methanol concentration in the
working electrode compartment
was 1M. Currents are normalized
per real surface area. 
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5.1.3.4 Current vs. time - "long term stability" test  
The chrono-amperometric experiments at 0.3 V are presented in Fig. 5.6. For 
all investigated catalysts steady state conditions were reached after approximately 10 min at 
22° C, while at 60°C steady state conditions were not reached in investigated time span. At 
room temperature the potential at which the current decay was recorded, is in the Tafel region, 
while at 60°C in the region under mixed control.  
 
It is probable that the system needed more time to reach steady state conditions 
at higher temperature due to the mixed control of the overall reaction. Such decrease of 
catalytic activity with time was observed for other PtRu catalysts as well [25],[26]. 
 
 
 
 
5.1.3.5 Electrochemical impedance spectroscopy* 
Impedance plots for different 30% PtRu/Vulcan XC-72 catalysts in the 
frequency region from 2 kHz - 10 mHz at room temperature and 60°C are shown in Fig. 5.7. 
All plots are presented without ohmic resistance contributiona. Impedance plots were 
                                                 
* Analyses by Tanja Vidakovic 
a Ohmic resistance always appears in the high frequency end of the impedance spectra and is mainly governed 
by electrolyte resistance (sulphuric acid and Nafion 105 membrane). Typical resistance values under our 
Fig. 5.6. Current versus time curves
for different PtRu catalysts
supported on Vulcan XC-72 at 0.3V
vs. Ag/AgCl and at 60 oC. Potential
was 0.3 V vs. Ag/AgCl. Flow rate
was 10 l/h. 1 M methanol solution in
water was in the working electrode
compartment. 
(blue: cat. 14, red: cat. 25, black:
cat. 8)
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nominally recorded at 0.3 V vs. Ag/AgCl, but due to the ohmic resistance in the system real 
potential values were: 0.290 ± 0.003 V vs. Ag/AgCl at room temperature and 0.260 ± 0.003 
V vs. Ag/AgCl at 60°C. Impedance plots at 22°C consist of not finished depressed semicircle, 
while at 60°C semicircle was completely formed and in addition had a low frequency 
inductive loop. 
Fig. 5.7. Experimental impedance plots for different 30%PtRu/Vulcan XC-72 catalysts at 
different temperatures: □cat. 8, ○cat. 14 and ∆ cat. 25. Conditions: 1 M methanol in 
working electrode compartment; flow rate 10 l/h, potential (nominal) 0.3 V vs. Ag/AgCl. 
 
The lack of an inductive loop at 22°C was due to the greater total resistance. Low inductive 
loop is explained in a following way: when some of the weakly adsorbed CO begins to be 
oxidized, adsorption and subsequent methanol oxidation can take place on the adsorption 
sites, which are set free. Increasing the temperature the diameter of the semicircle decreases 
which indicates lowering of the charge transfer resistance for methanol oxidation. Depressed 
semicircles characterize surfaces with high roughness factors. 
 
 
 
                                                                                                                                                        
experimental conditions (molar concentration of sulphuric acid was 1M) were: 1.3 ±0.1 . at 22°C and 0.96 
±0.03 . at 60°C. 
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5.1.3.6 Influence of leaching, conditioning and supporting 
5.1.3.6.1 Influence of the conditioning 
The influence of the conditioning is shown in Fig. 5.8 where cyclic 
voltammograms of unconditioned (cat. 13) and conditioned (cat. 14) catalysts prepared by 
LiBEt3H reduction method in the absence of methanol are compared. The unconditioned 
sample was featureless, with poorly expressed Hydrogen adsorption/desorption region and 
with high currents in the double layer region. Conditioning produced more Faradaic like 
features (better expressed Hydrogen adsorption desorption region and lower currents in 
double layer region). The expected effects of the conditioning are removal of the organic 
residues from the catalyst surface remained after the synthesis by the initial O2 treatment [27] 
and Platinum reduction to zero valent state as well as Ruthenium reduction [28], occurring 
during the subsequent H2 conditioning. Camara et al. [27] showed that catalyst treatment with 
H2 can modify the catalyst structure (Ru moves into the f.c.c. crystal of Pt and a real alloy is 
formed). According to XRD data lattice parameter for the unconditioned sample is close to 
lattice parameter of pure Platinum while for the conditioned sample it changed towards the 
lattice parameter of Pt-rich Pt/Ru alloy. The lower currents in the double layer region 
obtained after conditioning can be due to reduction of Ru-oxides (the chemical nature of Ru-
oxides and the degree of hydration is synthesis sensitive, so for example, RuOx Hy is known to 
have a huge capacitance [29]).  
 
Almost doubling of CO stripping area in the case of cat. 14 compared to cat. 
13 was correlated to decrease in quantity of Ru-oxide phase in former case. The influence of 
conditioning on methanol electro-oxidation is illustrated for the same catalysts in Fig. 5.9. 
The conditioned sample was more active in the whole potential region. The Tafel slope 
Fig. 5.8. Cyclic voltammograms of
unconditioned cat. 13 and
conditioned cat. 14 supported on
Vulcan XC-72 at 22 °C. Water in
the working electrode
compartment. Sweep rate 50 mV/s.
Flow rate 0 l/h. 
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remains unchanged what indicates the same rate-determining step. Normalization per real 
surface area determined from CO stripping was done and results are shown in Fig. 5.10. After 
normalization activities of conditioned and unconditioned samples were almost the same. 
 
 
. 
 
5.1.3.6.2 Influence of the support 
Cyclic voltammograms of unconditioned supported and unsupported PtRu 
catalysts prepared by the LiBEt3H method in the absence of methanol are shown in Fig. 5.11. 
The shape of voltammograms was the same. The supported cat. 14 sample showed higher 
currents due to the carbon support (both catalysts have the same metal loading, 1 mg cm-2, 
while supported sample had additionally certain amount of carbon). The Hydrogen adsorption 
Fig. 5.9. Tafel plots for methanol
oxidation at unconditioned and
conditioned 30% PtRu / Vulcan
XC-72 at 22°C and 60°C and at a
flow rate of 10 l/h. For cat. 13 data
are collected at sweep rate of 1
mV/s, while for cat. 14 in steady
state experiment. 
Fig. 5.10. Polarization curves for
methanol oxidation at
unconditioned and conditioned
30% PtRu /Vulcan XC-72 at 22 and
60°C and at a flow rate of 10 l/h.
Currents are normalized per real
surface area determined from CO
stripping experiments. Conditions
are the same as for Figure 5.9. 
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desorption region was somewhat better expressed in the case of supported catalysts. 
Generally, the cyclic voltammetry behavior resembled surface enriched Ru (it is characteristic 
for pure Ruthenium catalysts that the cyclic voltammogram is distorted, i.e. it is not 
symmetrical to the zero current line and is shifted towards negative currents in the Hydrogen 
region, while at more positive potential, in the region of oxide formation, it is distorted in the 
opposite direction [24]). Previously was discussed that cat. 12-14 could be explained as Pt 
particles decorated with Ru particles. In addition, presence of Ru-oxide phase was expected, 
although not clearly seen in XRD patterns. For methanol oxidation (Fig. 5.12) the supported 
catalyst was more active than the unsupported. The Tafel slopes were the same for both 
catalysts, so the mechanism of methanol oxidation is unchanged. The difference in activity of 
supported vs. unsupported was observed mainly in the region of the “limiting” current. As 
was discussed before in this region current is influenced by the mass transfer resistance and 
by the kinetics of methanol adsorption. 
 
 
 
 
 
 
 
Fig. 5.11. Cyclic voltammograms of
supported cat. 12   and cat. 13 at
22°C. Water in the working
electrode compartment. Sweep rate
50 mV/s. Flow rate 0 l/h. Both
supported and unsupported samples
were unconditioned. 
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5.1.3.6.3 Influence of leaching 
Cyclic voltammograms of unleached i.e. as-prepared unleached catalyst (cat. 
24) and leached (cat. 25) samples are shown in Fig. 5.13. Leached catalyst show higher 
currents in whole investigated potential region. Unleached sample have a bad adhesion to the 
Nafion membrane, resulting in low utilization of the catalyst. The activities of leached and 
unleached samples in methanol oxidation at 22°C and 60°C were also checked. Current values 
for unleached sample at both room and 60°C were affected by background currents. This 
suggests some  kind of disproportion between active surface area for methanol oxidation and 
processes taking place in absence of methanol. 
 
Fig. 5.12. Tafel plots for methanol
oxidation at supported cat. 13 and
unsupported cat. 12  at 22 and 60°C
and at a flow rate of 10 l/h. Data are
collected at sweep rate of 1 mV /s. 1
M methanol. 
Fig. 5.13. Cyclic voltammograms of
unleached catalysts (cat. 24) and
leached (cat. 25) prepared by
Trialkylaluminium reduction
method. Conditions: Water in
working electrode compartment,
sweep rate 50 mV/s, flow rate 0 l/h,
temperature 22°C. 
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Catalyst Tafel Slope/ mV dec-.1 
 t = 22°C t = 60°C 
cat. 24 181 139 
cat. 25 139 107 
Table 5.5. Tafel slope values for unleached and leached samples prepared by 
Trialkylaluminium reduction method. 
 
 
Tafel slope values for unleached and leached samples are presented in Table 
5.5. In general, the values for unleached sample were higher than for leached one. High Tafel 
slope values were rationalized with slow methanol adsorption as rate determining step. 
Unleached samples had a very small particle size (according to TEM from 0.8 – 1.2 nm) and 
surface was partially covered by Al-protecting shell. The so-called "particle-size" effect was 
reported in the literature with respect to methanol oxidation on Platinum nano particles 
[30,31,13]. It was shown that for particle size in the range from 5 to 10 nm the activity was 
parameter, while for small particles it decreased in the range from 5 to 1.2 nm. Two possible 
explanations are discussed: first that decrease in particle size reduces the number of active 
sites for methanol adsorption (for geometrical reasons, i.e. smaller particles have more edges, 
kinks/plain ratio is enhanced, compared to larger particle [19][32]. According to the model 
Fig. 5.14. Steady state polarisation 
curves for methanol oxidation on 
unleached (cat. 24) and leached 
catalysts (cat. 25) at 22 and 60°C 
and at flow rate 10 l/h. Methanol 
concentration in the working 
electrode compartment was 1M.  
Hollow square stands for methanol 
oxidation currents which are not corrected 
for background currents. 
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developed by Gasteiger et al. [12] methanol adsorption requires three Platinum sites to be 
adjusted at room temperature. At 60°C methanol adsorption at Ru sites is also possible. In 
addition, they appear to have less strongly bonded Hydrogen at the surface. These sites are 
preferable for methanol adsorption. The second explanation is that smaller particles have 
greater affinity for OH adsorption (on Platinum). This will decrease the chance for methanol 
adsorption (methanol and water adsorption are competitive). The last explanation was 
confirmed in a XPS study where it was shown that smaller particles have greater affinity for 
oxide formation [13] . Also, cyclic voltammetry studies on the formation and reduction of Pt-
oxide on Pt particles of different sizes have shown stronger adsorption of Oxygenated species 
on Pt particles of smaller size [21,30]. The lower activity of unleached sample could be due 
presence of Al-protected shell. For both catalysts limiting current was not reached at room 
temperature and for unleached sample at 60°C as well. The reason can be low rate of overall 
reaction. 
 
 
5.2 Electrocatalytic activities of chloride free catalysts prepared from Armand’s ligand 
As discussed in section 4.4.1 in order to reduce the performance loss of the 
active catalyst’s surface and the membrane degradation by chloride residues. “Armand’s 
ligands” [(C8H17)4NDCTA (17) and (C4H9)4NDCTA (18)] were studied as colloidal stabilisers 
for the precursors. The decomposition of chloride free metal–olefin complexes such as 
Pt(dba)2 (19)  and Ru(COD)(COT) (20), in the presence of novel chloride-free Armand’s 
ligand was introduced for the preparation of halide-free Pt and PtRu nanoparticles. Different 
catalysts Pt catalysts, cat. 21 were prepared, from ligand 17, and cat. 22 from ligand 18 and a 
PtRu catalyst, cat. 23 from ligand 17. All these catalyst contained 30 wt.% metal load. 
 
 
5.2.1 Characterization 
A Thorough characterization of these catalysts is given section 4.4.  
The results of TEM, XPS and XRD are tabulated in Table 5.6.  
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Table. 5.6. Physical characterization results of catalysts based on Armand’s ligands 
 
5.2.2 Electrochemical Measurements  
CO-stripping experiments were performed to compare the active surface area 
of the Pt catalysts (21, 22) and Pt1Ru1 catalyst (23) with the commercial Pt/Vulcan-E-TEK 
and PtRu/Vulcan-E-TEK standard catalysts. Before electrochemical measurements, the as-
prepared catalysts were kept under air for comparison. CO-stripping curves were obtained at a 
scanning rate of 20 mV s-1 in 0.5 M H2SO4 at room temperature (Fig. 5.17 (a), (b)). The 
stripping potentials of the Pt catalysts are apparently shifted to positive potential compared to 
the E-TEK standard. This could be due to a particle size effect [33, 34].  
Catalysts (22) and (23) show smaller particle sizes than E-TEK standard catalysts (3.7 nm 
mean diameter for ETEK-Pt/Vulcan [35,36,37] and 2—4 nm for E-TEK-PtRu/Vulcan 
[38,39,40]), or have higher active surface areas than the E-TEK catalysts. In Table 5.8 the 
particle size distribution of the colloids and catalysts studied is summarised along with the 
specific surface areas calculated by CO-stripping [34,39]. This is also evident with the 
derived dispersion data of catalysts (22) and (23). 
 
 
 
 
 
 
 
 
 
 
 
TEM XRD XPS 
Sample 
d / nm Dispersion D / % 
Lattice 
parameter d/nm 
Pt ETEK 3.54 ± 1 28 
Colloid (21) 2.2 ± 0.4 52  
Catalyst (21) 3.6 ± 1.5 24 3.922 (5) Ǻ 3-4 
Colloid (22) 1.9 ± 0.2 59 
Catalyst (22) 3.0 ± 0.5 31 
PtRu ETEK 3.18 ± 1 32 
Colloid (23) 1.9 ± 0.2 59 
 
 
 
Catalyst (23) 2.5 ±0.5 47 3.827 (4) Ǻ 2-3 Pt(0, II, IV) and Ru(II, III) 
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Catalyst (22) has a 31% dispersion, higher than the E-TEK-Pt/Vulcan 
(conditioned) catalyst (26%) and catalyst (23) has a 47% dispersion compared to 51% for the 
E-TEK-PtRu/Vulcan (unconditioned) catalyst [39, 41]. The CO-stripping surface area 
observed for catalyst (22) is also larger than that of the commercial catalyst and of catalyst 
(21). Catalyst (21) shows a similar peak area compared to the E-TEK-Pt catalyst. This is also 
evident from the methanol oxidation curves obtained at 60 C in 0.5 M methanol with 0.5 M 
H2SO4 as electrolyte (Fig. 5.15(c)). Colloidal catalyst (22) shows a better slope in current 
densities at lower potentials, while colloidal catalyst (21) shows only a little improvement in 
current densities.  
Cat. 21 Cat. 22
Cat. 23
Fig. 5.15. CO-stripping and
cyclic voltametry (a), (b),
are the CO-stripping
voltammograms.  
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This could be due to the increase of the average particle size in catalyst (21) 
(dispersion 24%) compared to catalyst (22) (dispersion 31%) after the conditioning step. The 
increase in surface area results in better methanol oxidation activity. In the case of the Pt1Ru1 
colloidal catalyst, (23) (47% dispersion), the surface area derived from CO-stripping is 
improved relative to the commercial catalyst. This is clearly visible in the methanol oxidation 
current density curves at 60 C (Fig.5.16(d)). The chloride-free catalysts are also under 
investigation for further studies on ORR kinetics, as ORR kinetics are known to depend 
dramatically on the presence of chloride ions at the catalyst surface. 
Cat. 21 Cat. 22
Cat. 23
Fig. 5.16. (c) and (d)
methanol oxidation of
catalysts, continued from
last page. 
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Sample 
Specific surface area 
S / m2 g-1 
Pt ETEK 81 
Colloid (21) - 
Catalyst (21) 84 
Colloid (22) - 
Catalyst (22) 102 
PtRu ETEK 66 
Colloid (23) - 
Catalyst (23) 69 
Table 5.7. Comparative catalyst surface area. 
 
Catalyst (22) has a 31% dispersion (Table. 5.7), higher than the E-TEK-
Pt/Vulcan (conditioned) catalyst (26%) and catalyst (23) has a 47% dispersion compared to 
51% for the E-TEK-PtRu/Vulcan (unconditioned) catalyst [41,42]. The CO-stripping surface 
area observed for catalyst (22) is also larger than that of the commercial catalyst and of 
catalyst (21). Catalyst (21) shows quite a similar peak area to the E-TEK-Pt catalyst. This is 
also evident from the methanol oxidation curves obtained at 60 C in 0.5 M methanol with 0.5 
M H2SO4 as electrolyte (Fig. 5.16 (c)). Colloidal catalyst (22) shows a better slope in current 
densities at lower potentials, while colloidal catalyst (21) shows only a little improvement in 
current densities. This could be due to the increase of the average particle size in catalyst (8) 
(dispersion 24%) compared to catalyst (22) (dispersion 31%) after the conditioning step. The 
increase in surface area results in better methanol oxidation activity. In the case of the Pt1Ru1 
colloidal catalyst, (23) (47% dispersion), the surface area derived from CO-stripping is 
improved relative to the commercial catalyst. This is clearly visible in the methanol oxidation 
current density curves at 60 C (Fig. 5.16 (d)). The chloride-free catalysts are also under 
investigation for further studies on ORR kinetics, as ORR kinetics are known to depend 
dramatically on the presence of chloride ions at the catalyst surface. 
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5.3 Reverse addition mode of colloidal preparation 
In section 4.3 syntheses of colloidal particles using “Reverse Addition Mode” 
is discussed. In this mode metal salts were added to the reducing agent-stabilizing agent, i.e. 
tetraalkylammonium borate solution. It was found that the particle size distribution of the 
resulting colloids remained same compared to tetraalkylammonium borate based method. But 
the advantages are less costs and less impurities generated from excess protecting shell and 
e.g. chloride impurities. Here the colloid (10) (see section 4.3.1.3.2) was supported 30 wt. % 
metal loading on Vulcan support and further conditioned at 300°C. Electrochemical tests were 
performed on this catalyst. Methanol oxidation current densities at 50 mV/s scan rate were 
compared with the PtRu-catalyst 8.  It was found that the catalyst cat. 10 indeed show higher 
activity than the cat. 8. This can be attributed to the less impurities on the catalyst surface 
generated by protecting shell.  Though the activity was not found to be doubled as to be 
expected from lowering the protecting shell to half of the initial concentration.  Unfortunately, 
so far no data from TEM XPS or XRD, of the catalyst are available to support these results.  
As shown in Fig. 5.17 a lot of improved scope is found compared to the conventional catalyst 
preparation based on tetraalkylammonium borate.  
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Fig. 5.17. Methanol oxidation  of
cat. 8 and cat. 10. , at 50 mV/Sec
scan rate. 
B=Cat. 10 ; D=Cat. 8 
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5.4 Pt particle shape dependence in CO-oxidation: a shape selective approach to fuel cell 
catalyst preparationa 
Catalytic properties depend upon the shape - specifically on crystal planes, 
corners and steps - of nanocrystallites [43]. Changes in the crystal shape alters extent of 
defects, facets, percentage of atoms sitting on the corner or edge sites of crystals, total number 
of exposed surface atoms and their co-ordination numbers. For example, tetrahedral particles 
have a maximum of atoms sitting on the edges and corners which could render high activity. 
Further, in catalysis the control of particle size and growth kinetics yields direct relation 
between catalytic activity and both particle size and shape due to changes in the adsorption 
energies or transition state energies [44]. A significant study has been devoted to size 
dependant properties of nanoparticles [45]. Shape selectivity studies on nanoparticles are a 
domain of surface science. Surface dependent properties have been extensively studied on 
single crystal surfaces in UHV conditions. In real catalyst systems, however, correlations 
between catalytic properties and active particle shape are rare because nanoparticles with 
defined geometric properties are not easily accessible [43(a)]. Here we exploit size and shape 
tailoring of catalytically active nanoparticles, as discussed in chapter 4, in search for highly 
active PEMFC/DMFC catalysts.  
CO-poisoning at the electrode catalysts decreases overall efficiency. Use of 
mono-, bi-, pluri-metallic Pt colloidal catalysts are under investigation as FCs catalysts [46]. 
Dependence of CO oxidation on different crystal surfaces has been previously studied in 
surface science UHV [47]. However, most of the efforts in real FC systems are devoted to 
polycrystalline nanocatalysts of different sizes but no study on shape dependence is known 
[48]. As it was stated “Model catalysts are those that have a well-controlled bulk structure and 
are prepared in such a clean way that surface analytical techniques can be applied for 
definitive determination of surface composition”. This is probably the key to optimize the 
electrode catalysts [49]. Recently, as a contribution, we have developed a novel approach to 
control Pt nanoparticle shape and size with external seeding method this offers a better and 
wide control over the size and shape of nanocrystallites. The details of this method were 
published recently [50]. In order to check the shape dependence of CO oxidation on well 
defined Pt nanoparticles. We have synthesised truncated octahedral Pt nanoparticles of  
average 5 nm particle size and with well defined {111} and {100} surfaces by the “Seeding  
method” . 
                                                 
a Electrochemical analysis in this section were done in collaboration with Christian Urgeghe 
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Particles are synthesised in water with Hydrogen as the reducing agent and 
sodium polyacrylate as the stabilising agent by seeding with the colloid 25 as the seed. These 
TO particles were supported on Vulcan XC72 support in 20 wt.%. Cyclic voltametric studies 
of CO oxidation on this catalyst shows presence of two peaks which can be assigned to two 
different sites of CO oxidation possibly two different crystal surfaces, (111) and (100). 
Further, TEM analysis after repeated cyclic voltametric studies shows the absence of 
agglomeration, which rules out any effects due to the coalescence of nanoparticles. Thus 
further size selective approach could be harnessed to optimize FC and other nanocatalysts. 
 
 
 
 
After cyclic voltammetry
0
20
40
60
1 2 3 4 5 6 7
Particle size/nm
C
ou
nt
s
As-prepared TO particles
0
20
40
60
80
1 2 3 4 5 6 7
Particle size/nm
C
ou
nt
s
(a) 
(b) 
Fig. 5.18. TEM of truncated octahedral particles, av. size ~5nm (a) before cyclic 
voltammetry, and (b) after cyclic voltammetry. 
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5.4.1 Electrochemical characterization 
5.4.1.1 Base Voltammetry  
Fig. 5.19 shows the base voltammogram of an electrode with Pt loading of 14 
µg Pt cm-2. As is well known from the literature the shape of cyclic voltammogram of Pt 
nanocrystallites is different from polycrystalline Pt [51].  
The main characteristic is the higher double layer capacity due to the carbon-
support, this effect can mask the H-adsorption/desorption features. Another interesting point is 
the crystalline coherent dominium, in effect, when the particle size becomes smaller and 
smaller the interpretation of signals is not so easily correlated with the geometrical shape. In 
this case the particle size is around 5 nm and in this region the quantum size effects are 
limited [52]. In the TEM images a truncated octahedral shape is recognized, mainly 
terminated by (111) facets with additional (100) facets and low-coordination Pt atoms (corner 
and edge atoms). For a pictorial representation see ref. 49, further for an average Pt particle 
diameter of 3.8 nm, the surface-averaged distribution amounts to ≈65% (111) terrace sites, 
22% corner and edge sites, and 13% (100) terrace sites [53].           
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Fig. 5.19. Base cyclic voltammogram of Pt catalyst, 100 mV/s. 
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In the H-adsorption/desorption region it is possible to observe the typical 
pattern of anion adsorptions on large and well-ordered terraces as reported for example in ref. 
54. To calculate the number of Pt surface atoms we used the Coulombic charge for Hydrogen 
adsorption, QH = surface concentration is 9.3 x 10-9 molPt cm-2 (using F = 96485 C mol-1, one-
electron discharge). 
 
However, since the determination of the Hupd charge is associated with a high 
uncertainty, it is better to follow the real surface area measuring the capacitance related to the 
CO stripping. To consider of the capacitive contribution due to bisulphate anions (around 80 
µC cm-2) and to the adsorption of OH- (around 15 µC cm-2) [55] we have subtracted from the 
CO-stripping voltammogram the following one (recorded immediately after) and we have 
used 484 µC cm-2 (ref. 56), as capacitive contribution per CO monolayer (in absence of other 
information about the saturation at the surface). The Pt area so is 23 m2 g-1Pt and this value has 
been used to refer the current densities to a square centimetre of Pt. 
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Fig. 5.20. CO-stripping voltammetry on thePt catalyst at a CO adsorption potential of 0.1 
V. The curve is recorded at 100 mV s-1. 
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5.4.1.2 CO-stripping voltammetry 
 
CO-stripping voltammetry is a very useful and rapid method to follow the 
activity of electrocatalysts. In this method an adsorbed monolayer of CO molecules is 
oxidatively measure of the electrode activity. CO has been normally chosen as template 
molecule because it is the simplest C1 molecule and a common intermediate in the catalytic 
electrooxidation of several organic compounds. Ability of CO to act as a ligand to noble 
metals is important in Fuel Cell catalysis. Pt-CO poisoning, at low temperature in FC 
electrodes lowers the overall efficiency of PEMC and DMFC. These strongly adsorbed 
molecules can only be removed by applying a high positive potential to the electrode surface. 
Further distribution and number of CO-stripping peaks can give a lot of information about 
reactions being catalysed. Cyclic voltammetry experiments and perturbing potential 
programs, along with in-situ reflection spectroscopy techniques [57], particularly in the 
infrared region, have shown that the electro-desorptive behaviour of CO residues depend on 
the adsorption potential, electrolyte composition, scan rate and temperature, Oxygen content 
in solution, potential limits and surface morphology [58]. CO-stripping voltammetry of Pt 
catalyst, 100 mV/s nanoparticles are very smooth and it is impossible to see or deduce well-
defined morphology-property relations from cyclic voltametry. Adsorption blocks the Pt 
surface completely for H-atom electro-sorption and suppresses the Hydrogen electrode 
Fig. 5.21. Cyclic voltammetry at different scan rates. 
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reaction (in 0.5 M sulphuric acid approximately 0.0 – 0.3 V NHE), it is also easy to recognize 
two different peaks of CO-stripping, one centred at 0.8 V and the other one at 0.88 V. 
 
 
Until now, using Cyclic Voltammetry, nobody tried to discriminate different 
adsorptive behaviours. The reason probably is the catalysts studied in the past have shown 
(also if in contact with liquid phases) a certain degree of CO-mobility after adsorption (see 
ref. 48 and literature cited therein). Further, a tendency of nanoparticles to agglomerate [61] 
was stated. However, Cyclic Voltammetry is a powerful instrument to detect this kind of 
information, nearly equivalent to spectroscopy. We have tried to assign the origin of the 
double peak in Fig. 5.22, based on geometrical and morphological data of Pt nanoparticles 
Ex-situ TEM measurements, have shown the total absence of agglomeration of 
Pt nanoparticles in the catalyst (see Fig. 5.19 b). Further, Cyclic Voltammetry experiments, at 
different scan rates, have displayed that there are some migratory effects regarded in the time 
scale (see Fig. 5.21). This is visible in the Cyclic Voltammograms. The peak area changes are 
clearly visible.  This is not a surprise, because the CO molecules moving from the site at 
higher energy of oxidation to the site with lower energy if the time is sufficient long to allow 
the transfer. This was confirmed by an experiment performed by stopping the oxidation to the 
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Fig. 5.22. Stopping potential CO-stripping expt., 100 mV/s. 
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first peak, then, and in the next cycle, to oxidize until the second peak (at 100 mV/s). Fig. 
5.22 gives the experimental results, it is easy to recognize the recovery of the first site during 
the time elapsed and it is unambiguous to assign the double peak at two energetically 
distinguishable sites of adsorption. In the first step cycling till 0.75V and avoiding CO-
oxidation in second peak region or at higher oxidation potential obtained continuous CV. The 
second cycle showed that no more CO present on the surface after the sweep. Now of 
immediately CV is scanned till 0.9V the lack of first peak with the immergence of 2nd peak 
was observed. This is because the first site is freed from CO and now CO-oxidation proceeds 
only on second site of CO-oxidation. Further, if observed carefully the current density in the 
region of 1st peak is little higher in stroked CV, so one can correlate this to some migratory 
effects of CO from the site of higher energy to lower energy of oxidation. Further in the pre-
oxidation potential region one can observe similar results with single crystal studies on Pt 
(100) surfaces [47]. One can assign these peaks as for (111) at lower potential and (100) at 
higher potential if compared with single crystal studies based on the activity related to 
different surfaces.  For example in Fig. 5 24, different morphologies of (111) (110) and (100) 
surfaces are shown.  Also different particle shapes with different bounding planes are given. 
The photolytic CO-oxidation dependence on Pt (779) surface structure is shown [47b]. It was 
found that photolytic CO-oxidation on step sites is favoured than on plane sites. 
 
 
 
  
 
Fig. 5.23. Deconvolution a
double Gaussian function (Igor
Pro 4.08) continuous: Expt.
peaks, (---) 2:  first peak and (...)
3:second peak by Gaussian
function, (.-.) 4: simple sum of
curve 2 and 3. 
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Making a trivial calculation, using the diffusion coefficients reported in ref. 48 
(for particle sizes around 1.7 nm or ‘smaller particles’ Ds ≈ 10-16 cm2 s-1, and for particle sizes 
around 3.1 nm or ‘larger particles’ Ds > 10-13 cm2 s-1) and the Einstein’s relation, the mean 
free path is around 4.5x10-9 m/s and 1.4x10-10 m/s respectively. The accuracy in the 
determination of the diffusion coefficients enables us to validate our hypothesis about the CO 
mobility in this time scale. 
We have also tried to deconvolve the peak of CO-stripping using a double 
Gaussian function (Fig. 5.23) (Igor Pro 4.08) and using the CO peaks at five different scan 
rates, by a deconvolution/integration routine, we have obtained the two different distributions 
of CO molecules on these different sites. This procedure is mainly useful to simulate an 
Fig. 5.24. (a) Surface morphology of different crystal surfaces  
(b) Different crystal shapes have different external faces and 
 (c) dependence of photolytic CO-oxidation on crystal faces. 
(a) (b) 
(c) 
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infinite scan rate, instrumentally unavailable, by infinite time of relaxation, experimentally 
inaccessible because waiting for long time the maximum coverage will be lost. In this figure 
the continuous curve is the experimental one. The second and the third are the deconvoluted 
components. The fourth is the simple sum of the second and the third. 
From our simulation, the peak at lower potential is related to 
thermodynamically controlled sites because it is possible, after waiting for a long time, to see 
a movement of CO molecules from the other kind of sites, to these, if they are free. At the 
other hand it is possible to assign the second CO-stripping peak to kinetically controlled sites. 
Or simply sites with different energy of CO-oxidation. (To be sure it is necessary to obtain the 
Energy of absorptions, from data at different temperatures, but currently unavailable. Further 
there is a problem[66], although the binding energy for Hads is theoretically calculable, in 
practice this is not possible because the effects of water molecule in the inner Helmholtz layer 
are not known sufficiently accurately, and because the adsorption of anions, SO42-, influences 
the peak potentials for H adsorption). 
 
5.4.1.3 Model 
It also possible to evaluate the relative surface ratio of these two sites of 
reaction at infinite scan rate, because the approximation of single layer adsorption remains 
valid. At lowest potential reconstruction effects, the site related to the peak 1 appear to be 
populated by the 25% of the total adsorbed CO molecules. 
To validate our results further we’ve developed a very simple model based on 
TO-Pt nanoparticles, with easy calculations. The assumptions for this model are,  
Assumptions 
1) all {111} planes formed meet each other at the corners of TO,  
2) and all the sides of TO particles are equal in length i.e.“a”, or in other words, it is a Regular 
TO particle. {100} face of the particle will look like a square with sides “a”, while if 
orientated along {111} surface it will look like an equilateral triangle with side “a”. Thus all 
sides of a regular TO with side length “a” will yield 8 equilateral triangles or {111} faces and 
6 x squares or {100} faces. By calculating the total area of triangles ({111} surfaces) and 
squares ({100} surfaces), the ratio of Total area of {111}/Total area of{100}planes is 0.57. 
Atomic densities on {100} and {111} planes have been calculated previously as 1.5 x 1015 
atoms / cm² for 111 face which is highest owing to the close packed hexagonal 2-D lattice 
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structure. While for 100 faces it is 1.28 x 1015 atoms / cm². Hence the ratio of surface atoms 
N111/ N100 is found to be 0.667. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.25. Model in the support of electro-chemical results, and below are the calculations 
based on the model. 
 
Calculating the surface area of  ratio of {111} and{100} planes 
Area of a square          = area of (100) face = a² 
Total area of {100} planes    = 6 x a² 
Area of an equi. triangle   = area of (111) face = 31/2/4 x a² 
Total area  of {111} planes = 8 x  31/2/4 x a²  = 2 x 31/2 x a² 
Ratio of surface areasa 
= A111 / A100 =    2 x 31/2 x a² /  6 a²= 1/ 31/2 = 1/ 1.73= 0.57 
Ratio of surface atoms (of first layer) 
= N111 / N100 = 1.5 x 1015/  1.28 x 1015   x 0.57= 0.667 
 
 
                                                 
a (1.5 x 1015   is surface atomic density of 111 plane while 1.28 x 1015 is of 100 planes) 
If seen from the {111} orientation 
particles will look like hexagon 
Cutting the corners of the cube shaped 
nanoparticle will result in the formation 
of truncated octahedral particles with 
{111}, {100} faces 
{100} 
{111} 
A square  
of side a 
Equilateral 
triangle with 
sides  a 
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This further fits quite near with the peak ratio of first peak to second peak 
considering {111} and {100} surfaces respectively obtained by Gaussian Fit, which comes to 
be 0.71. This further confirms the assignment of peaks.        
 
 
Further we’ve found the surface ratio from Pt (111) sites with total sites 
(Pt(111)+Pt(100)), Fig. 5.26. This number is around 0.37, if it’s possible to ascribe the two 
peaks appearance to the two crystal planes, the extrapolated ratio obtained from graph of peak 
ratio vs. 1/ scan rate should fit to this number. The obtained ratio is about 0.246 (not shown). 
Thus there is some disagreement, which can be due to the fact that in first approximation we 
neglect the information about atomic surface density related to different crystal orientation. 
The surface ratio extrapolate at infinite scan rate (0.246) is also not closer to the Kinoshita 
number [57] for corner and edge sites (0.22). Thus the model fits with the experimental results 
but some discrepancy is present which can be due to some other factors affecting this 
phenomenon.  
 
5.4.1.4 Methanol, formaldehyde and formic acid oxidation  
Oxidation kinetics of methanol, formaldehyde and formic acid on single crystal 
surfaces are well known.  CO-oxidation on truncated octahedral particles were already shown 
in previous sections. In this section reported is the oxidation of methanol, formaldehyde and 
formic acid on TO particles Fig. 5.27. We have found the similar results as on single crystal 
Pt (111) and (100) surfaces. It is usually assumed that in oxidation of HCOOH, CH3OH and 
CH2O which should lead to CO2, the same strongly bound intermediate is formed which 
y = 9.0749x + 0.2954
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blocks the surfaces thus decreasing the catalytic activity [68]. Differing activities of the (111), 
(110), (100) Pt crystal surfaces are ascribed to different degrees of adsorption of COH species.  
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Fig. 5.27. Methanol, formaldehyde and formic acid oxidation on Pt-ETEK (polycrystalline 
particles, left hand side) and Truncated octahedral particles (right). (111) and(100) phases 
are clearly visible, which are absent in the polycrystalline ETEK catalyst. Also these 
measurements are similar to studies on single crystal Pt surfaces [68]. 
 
Adsorption is lowest on the (111) surface and highest on (100) planes, with 
(111) orientations generally exhibiting low reactivity. Low Hydrogen adsorption on the Pt 
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(111) surface, found by most authors also has a role in determining the activity of this surface 
for the oxidation of HCOOH, because adsorbed H participates in the formation of COH. The 
adsorption and reduction of CO2 on Pt, which gives the same species, COH, also gives the 
smallest coverage on the (111) surface.  
In Fig. 5.28, Methanol oxidation on Pt-ETEK (polycrystalline Pt) and 
truncated octahedral particles are shown. Two peaks corresponding to two different crystal 
planes are clearly visible. Such results are also shown on single crystal studies by Leger et 
al.[69] Also the presence of different peaks in formaldehyde and formic acid oxidation are 
similar to those obtained on Pt single crystal studies previously. Therefore this clearly 
supports differences in electroactivity of different crystal planes, which are involved in 
electrocatalysis of theses organic moieties.  
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5.5 Synopsis 
1. PtRu catalysts were prepared by three different wet chemical preparation methods.  
(1) Cat. 8 Bönnemann method (Tetraalkalmmonium triorgano 
hydroborate)  
(2) Cat. 12 (unsupported PtRu nanopowder), cat. 13 (supported) and cat. 
14 (conditioned), prepared by LiBEt3H reduction mode.  
(3) Cat. 24 (unleached) and cat. 25 (leached) prepared by reductive 
stabilization in presence of trimethylaluminium   
These catalysts showed differences in morphology and in electrochemical behavior as 
following,  
- In XRD analysis only reflections of Platinum f.c.c. structure were seen. Cat. 8  
and cat. 12-14 showed presence of pure Pt phase and no alloying. Cat. 25 
showed lattice parameter shift close to PtRu alloy of approximately 50 at % Pt. 
Ru h.c.p structure or of unhydrous / hydrous RuO2 oxide were not seen. 
Particle size obtained decreases in the following order; LiBEt3H (3-5nm)> 
NR4BEt3H (2-3nm)> AlR3 reduction (1-2nm) methods.  
- TEM analysis showed uniform particle size distribution and dispersion for all 
catalysts. Pt and Ru metal segregation is also observed for all the catalysts 
except cat. 24-25. EDX analyses showed that all catalysts contain Platinum, 
Ruthenium and carbon, indicating alloying.  
- CO stripping surface areas decrease in order cat. 8 > cat. 14> cat. 25. Cyclic 
voltammetry in absence of methanol showed some differences in Hydrogen 
adsorption/desorption region. The absence of the H-adsorption at potentials 
more positive than –0.1 V vs. Ag/AgCl was ascribed to Pt surface composition 
less than 50 at % Pt. cat. 8 has the highest activity in methanol oxidation at 
22°C, while at 60°C activities of cat. 8 and cat. 14 showed similar behavior.  
- Activity of Cat. 8 was rationalized as, the catalyst is consist of Pt rich particles 
with Ru particles nearby. Cat. 12-14 are possibly Pt particles decorated with 
Ru particles and finally cat. 24-25 are true PtRu catalyst. After the currents are 
normalized per CO stripping area the trend in catalyst activity remained the 
same. Higher activity of cat. 8 over cat. 14 at 22°C was explained by higher Pt 
exposed surface area in former case. At 60°C it was assumed that Platinum is 
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more CO-tolerant, this renders both catalysts comparable activities at higher 
temperature of 60°C. 
- Conditioned sample cat. 14 is more active than unconditioned cat. 13 in 
methanol oxidation. Also surface area (determined by CO stripping) is doubled 
with conditioning. This can be attributed to the reduction of RuO2.  
- Comparison between supported cat. 14 and unsupported cat. 12 showed better 
performance toward methanol oxidation for supported sample. Higher surface 
area in case of supported sample is expected while some degree of 
agglomeration is mandatory for unsupported samples.  
- Influence of leaching was demonstrated on cat. 24-25 . Unleached catalyst cat. 
24 poor performances in methanol oxidation although unleached sample had 
very small particle size. This could be due to Al-impurities present which 
block the nanoparticle surfaces for catalysis.  
2. Chloride free colloidal catalysts cat. 21-23 were prepared using Armand’s ligands (17) 
and (18) as stabilising agents. The highly dispersed colloids 21-23 prepared, show 
particle sizes of <2 nm with a narrow size distribution. Which were further supported 
and conditioned. XRD analysis confirmed the alloyed state of Pt and Ru in cat. 23 
which yield a Pt1Ru1/Vulcan catalyst. XPS and EDX analyses revealed the absence of 
chloride or any other impurity on the catalyst’s surface. These catalysts show excellent 
methanol oxidation activities compared to commercial Pt/Vulcan and PtRu/Vulcan 
catalysts. The improved performance of the new catalysts can be attributed both to 
smaller particle sizes and to the impurity free surfaces, especially the absence of Cl-. 
Further improvement in the catalytic activity can be achieved by tuning the particle 
size and distribution using different Armand’s ligands. Thus, chloride free catalysts 
could be prepared using this approach.  
3. Truncated octahedral Pt particles of 5 nm sizes were prepared by newly developed 
“Seeding method”. Further CO-, methanol-, formaldehyde-, and formic acid-oxidation 
on these nanocrystallites were followed. We observed different peaks related to two 
different sites of CO-oxidation preferably due to, (111) and (100) crystal planes. This 
first time shows dependence of electrocatalysis on the nanoparticle surface in real fuel 
cell systems. Further issues arise from the instability of these peaks, different 
adsorption can be related to different geometries of CO molecules on the surface, 
different CO coverages, effects of anion adsorption, surface imperfections, polymodal 
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particle size distribution and agglomeration effects. TEM analysis has demonstrated a 
narrow particle size distribution and no agglomeration after CV, therefore only the 
surface effects are present. Electro-oxidation of CO (from gas phase) is a strongly 
structure sensitive reaction, on Pt, and it could be sufficient that a change in the 
surface atomic arrangement can affect the electronic properties of these small particles 
and consequently alter the catalytic properties. We’ve tried to model this system. From 
those results and the literature data we concluded the presence of two different kind of 
CO molecules, weak-bonded and strong-bonded. Further, surface atomic ratio {(111) 
to (100)} calculated from the model (0.67) fits well with the ratio obtained by 
integrating the peak areas in CO-stripping (0.71). Moreover, the ratio of weak bonded 
CO and total adsorbed CO is around 30%. This number can reflect the ratio from the 
Pt (100) atom and the total surface atoms, 22%. Also the clear presence of different 
oxidation peaks in methanol, formaldehyde and formic acid also confirm these results. 
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CHAPTER 6 
SURFACE DOPANTS AS CATALYST PROMOTERS  
 
 
 
 
 
 
6.1 General 
Pt, the standard catalyst for the oxidation of organic molecules suffers from a 
high sensitivity towards CO-poisoning. Therefore, methanol oxidation on Pt anodes is only 
possible at potentials where adsorbed CO and other poisons are effectively oxidized, which 
leads to a significant overpotential and hence loss in efficiency. A higher efficiency at more 
negative potentials is obtained with PtRu catalysts, which is generally attributed to their 
superior CO-tolerance due to a bifunctional effect, where CO is oxidized by OH species 
generated on Ru surface atoms. However, the efficiency of the DMFCs operating on PtRu 
anode catalysts is still insufficient for practical applications. Further optimization of the anode 
material for the DMFC is thus necessary. Therefore a number of other catalysts systems 
including platinum alloy catalysts other than PtRu have been investigated for their suitability 
as methanol oxidation catalysts.  
A comprehensive study on the effect of different Pt alloys on the CO tolerance 
of PEMFCs has been carried out by Iwase and Kawatsu (1995) [1]. PEMFCs operating at 
pressures of 0.15 Mpa and temperatures of 80°C were employed in their experiments. Pt/Ru, 
Pt/Ir, Pt/V, Pt/Rh, Pt/Cr, Pt/Co, Pt/Ni, Pt/Mn and Pt/Pd alloys supported on Carbon were 
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examined as catalysts in the anode in order to screen the best CO tolerant alloys. It was found, 
however, that the optimal alloy to provide CO tolerance is still Pt/Ru. It was found that Pt/Ru 
alloys operating with feed containing 100 ppm CO gave the same performance than pure Pt 
electrodes operating in pure H2 environment. Götz and Wendt (1998) [2] have also examined 
Pt alloy catalysts in a PEMFC operated at 75°C. They tested binary Pt/Ru, Pt/W, Pt/Sn, Pt/Mo 
alloys as well as ternary Pt/Ru/W, Pt/Ru/Mo, and Pt/Ru/Sn alloys with 150 ppm CO present 
in the fuel gas. In this study Pt/Ru/W anodes gave performances superior to Pt/Ru electrodes. 
Pt/RuSn electrodes gave superior performances compared to Pt/Ru electrodes, only at current 
densities exceeding 300 mA cm-2. 
An interesting question is whether the catalytic activity of Pt-based catalysts, 
applied for Methanol oxidation and reformate gas, can be further be improved by W 
“dopants”.  Weinstock et al. suggested that the effect of W as a co-catalyst to oxidize impure 
Hydrogen is due to the ability of adsorbed CO on the Pt site to interact with water adsorbed 
on the WO2.5 site. This co-operative effect reduces the poisoning of the Pt sites. Götz et al. 
suggested that the significant co catalytic effect of W on Pt/Ru alloy gives a very active 
catalytic system [2].  
On the basis of this finding it was tried in this work to develop fuel cell anode 
catalysts “using surface doping” of W, V and Nb. This subject was approached systematically 
using various methods of preparation of surface doping to the active centres. “Surface 
doping” was effected with W(CO)6, Nb. 0.3THF  (15), and V. 0.3THF (16) on pre-prepared Pt 
and Pt/Ru colloids was applied, and the CO tolerance of the resulting catalysts was studied. 
Further, Cobalt as dopant was also investigated. For this purpose industrial PtRu-ETEK 
catalysts as well as other PtRu catalysts prepared by Hydrogen reduction were doped with 
CoCl2 or Co2(CO)8. and further reduced under mild conditions. All different catalysts 
prepared during this work are listed in Table 6.1. Dopant loading and preparation mode used 
for doping are also documented. 
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6.2 Catalyst preparation 
For obtaining a W doped catalyst, the dopant W(CO)8 and Pt (1) or PtRu (8) 
colloid were mixed thoroughly and then supported and conditioned. Further to improve the 
catalyst preparation and to avoid harsh conditioning step, V and Nb doped catalysts were 
prepared by doping the colloid Nb. 0.3THF (15) and V. 0.3THF colloid (16) on LiBEt3H 
reduced Pt (48) and PtRu (14) catalysts and then mild conditioning at 120°C. To prepare Co-
doped PtRu catalysts (cat. 54-59) metal salts or precursors were supported and also 
conditioned at mild temperature i.e. at 120°C under Hydrogen and Oxygen atmosphere 
respectively for 3h. This mild temperature conditioning is enough to reduce the salts or to 
decompose CO2(CO)8, precursor at the pre-formed catalyst surface. 
 
 
Table. 6.1. Survey of surface doped catalysts studied. 
 
 
Catalyst  type Catalyst  Loading Preparation  
Pt  Cat. (1)  Pt colloid (1) on Vulcan 
Pt-W  Cat. (43) W(1%) W(CO)6, co-adsorbed with Pt colloid (1) 
on Vulcan 
Pt-W Cat. (44) W(10%) Similarly 
PtRu  Cat. (8)  PtRu colloid (8) on Vulcan 
Pt-Ru-W Cat. (45) W(1%) W(CO)6, co-adsorbed with PtRu colloid 
(8) on Vulcan 
Pr-Ru-W Cat. (46) W(10%) Similarly 
Pt  Cat. (47)  LiBEt3H reduction 
Pt-V Cat. (48) V(5%) V.0.3THF colloid (16) doped on cat. 47 
Pt-V Cat. (49) V(20) Similarly 
PtRu  Cat. (14)  LiBEt3H reduction 
PtRu-V Cat. (50) V(5%) V.0.3THF colloid (16) doped on cat. 14 
PtRu-V Cat. (51) V(20%) Similarly  
Pt-Nb Cat. (52) Nb(5%) Nb.0.3THF colloid (15) doped on cat. 47 
PtRu-Nb Cat. (53) Nb(5%) Similarly  
PtRu 
 
PtRu-ETEK old 
Cat. 
(1 :1)  
PtRu 
 
PtRu-ETEK 
new Cat. 
(1 :1) Lot # A0370226 
PtRu Cat. (54) (1 :1) Reduction under Hydrogen at 120°C 
PtRuCo Cat. (55) (1 :1 :1) Cat. 54 doped with Co2(CO)8 
PtRuCo Cat. (56) (1 :1 :1) Cat.54 doped with Co2Cl2 
PtRuCo Cat. (57) (1 :1 :1) PtRu-ETEK new doped withCoCl2 
PtRuCo Cat. (58) (1 :1 :1) PtR-new doped with Co2(CO)8   
PtRuCo Cat. (59) (1 :1 :1) Co-deposition of all precursors (CoCl2) 
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6.3 Physical characterization 
6.3.1 W-doped catalysts 
TEM analyses (Fig. 6.1) of the (10%) W doped Pt-catalyst, cat. 44 showed no 
change in the particle size distribution compared to cat. 1 on which it is doped. 
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Fig. 6.1. (a) TEM of cat. 1 and (b) 44,
(c) particle size distribution of both
catalysts, Black: cat. 1 and gray: cat. 44. 
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(c) Fig. 6.2. (a) TEM of cat. 8 and (b) 46,
(c) particle size distribution of both
catalysts, Black: cat. 8  and gray: cat.
46. 
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Fig. 6.3. XRD of cat. 44 below 
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After doping, the changes in the particle dispersion and surface distribution are 
negligible. This is also expected for 1% W-doped cat. 44. The particle size distribution of 
catalysts has been given in Fig 6.1. Mean particle size of Pt is 3.8 nm with std. dev. 2 nm. In 
the case Pt-W(10%) sample mean particle size is 3.65 nm with std deviation of 1.8 nm. Thus 
there is hardly any change in particle size distribution caused by W doping. 
The particle size distribution of the PtRu cat. 8 and PtRuW (10%) cat. 46 also 
show mean particle size of is 2.8 nm and 2.98 nm with the std. dev. ~2nm (Fig. 6.2).  
2527293133353739414345
Binding Energy [eV]
W 4f7/2 
W 4f5/2 
35.3 eV
one W-species: WO3 --> W 6+ 
6570 758085 90 
Binding Energy [eV]
Pt 4f 7/2 I 
Pt 4f 5/2 I
Pt 4f 7/2 II Pt 4f 5/2 II
species I 71.5 eV Pt+
 
species II 73.3 eV  Pt2+
Fig. 6.4. XPS analysis of cat. 44 
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To find any possible alloying between Pt and W, XRD analysis was performed 
on cat. 44.  From XRD analysis (Fig. 6.3) it is very difficult to assign the reflections 
unambiguously since the positions of the reflections belonging to Pt , PtW2, and W appear at 
the same 2theta values. The lattice parameter is 3.925 Å (intermnal standard was not used), 
which shows no deflection from the ideal value, 3.9231Å. Hence, there could be discussed a 
diffraction contribution from W to the main reflection assigned to Pt. But alloying is 
questionable. Particle size is ~2.4 nm. XPS analysis was followed to detect valence state of 
the different species present on the W doped nanoparticle surface. Following elements on the 
particle surface were detected: O, Pt, C, W. The quantitative ratio of Pt to W(at.%) 
determined is 85:15. The sample was fully conductive. The Pt signal is very broad and shows 
pronounced asymmetry. Two species, representing two different oxidation states were 
analysed.  
 
The first species Pt 4f7/2 at 71.5 eV was assigned to Pt(0), the second species at 
73.3 eV can be assigned to Pt(OH)2 or PtO. From W 4f7/2 signal at 35.3 eV, it is clear that W 
is not in a zero-valent state. The high BE indicates the existence of an oxide rather than of an 
alloy. For an alloy one expects BE to be near the BE for zero valent elements. Therefore 
following XPS absence of alloying is clear. This indicates that W-oxide is sitting on the Pt 
nanoparticle surface in required at. ratio. The pictorial presentation of surface doped Pt with 
W is given in the Fig 6.5. This model is also valid for the other dopants. 
 
6.3.2 Nb-doped catalysts 
XPS analysis of 5 wt % Nb doped sample cat. 52 was followed. Two species 
for Pt were detected. One was Pt(0) while the other species were difficult to detect (but most 
probably Pt oxide). From XPS, Nb is present as Nb5+ (as is expected after oxidative 
conditioning). Further, as it is not in zero valent state there is no Pt-Nb alloy. This is similar to 
the W surface-doped model shown in Fig. 6.5. Further, SEM analysis (not shown here) 
Pt
W
C Fig. 6.5. Surface doping of W particles
on Pt surface. A pictorial presentation,
which is valid for other surface doped
catalysts too. 
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vindicates the presence of Nb on the 
nanoparticle surface in the required amount. 
TEM analysis shows 3.8 nm particles.  
 
 
                                                                                          
 
 
 
 
 
Fig. 6.6. TEM of cat. 52. 
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Pt 4f 7/2 I  
71.5 eV  Pt 4f 5/2 I  
Pt 4f 7/2 II  
73.4 eV  Pt 4f 5/2 II  
Fig. 6.7. XPS analysis of cat. 52. 
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6.3.3 V as dopant 
Cat. 48-51 were SEM analysed. Each of Vanadium doped sample shows 
uniform distribution of all the metals on the support surface. Further, XPS analysis was not 
possible due to vicinity of BE signals of V and O. After oxidative conditioning it would 
preferably form VOx, but no definitive proof is easily possible.  
 
 
6.3.4 COBALT AS DOPANT 
To check whether Co acts as promoter PtRu catalyst 54 and PtRuCo catalysts 
cat. 55-59 were studied. For this purpose catalysts were prepared by a newly developed 
method. This is a Hydrogen reduction method to yield impurity free catalysts. Apart from cost 
effectiveness Hydrogen reduction offers very narrow particle size distribution of 
nanoparticles. As described in preparation these catalysts were prepared by supporting the 
metal salts or precursors in dispersed or dissolved form on the support surface and then 
following mild conditioning at 120°C for 4h. TEM, XPS, XRD, SEM analyses of all these 
samples were followed to correlate different structural and morphological effects with electro 
activities.  
 
TEM analysis of PtRu-ETEK-old 
catalyst is given in Fig. 6.8. Average 
particle size is 3.53 nm with dispersion of 
21% (Fig. 6.10). While the PtRu-ETEK 
new catalyst from Lot# A0370226 is 
already studied in chapter 2. Particle size 
distribution shows 3.18 nm particles 32% 
dispersion. TEM data of all other catalysts 
is reported in Fig. 6.9 with their particle 
size distribution in Fig. 6.10.  
 
 
 
 
 
 
Fig. 6.8. TEM of commercial PtRu-ETEK 
old catalyst. 
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XRD analysis was followed to obtain information about the particle size and 
lattice parameters. All these results are summarized in Table 6.2.  While XRD patterns from 
catalysts 54, 55, 56, 57 are given in Fig 6.11. All the catalysts show particle size of ~2-3 nm.  
As pointed out in chapter 2, the lower limit for particle size is 2 nm for the determination 
based on line broadening analysis. Smaller particles were not detectable in catalysts 56-57. 
Cat. 54 Cat. 55 
Cat. 56 Cat. 57 
Cat. 59 Cat. 58 
Fig. 6.9. TEM analyses of cat. 54-59.
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Fig. 6.10. Particle size distribution Co-doped PtRu catalysts. 
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Table 6.2. Particle size and lattice 
parameters collected from XRD 
analyses.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                 
b No internal standard used 
a b.p.s.d = broad particle size distribution 
Catalysts Particle size/nm Lattice constants
b/ Å
PtRu- ETEK old 2 3.89 
PtRu- ETEK new 3 3.88 
Cat. 54 b.p.s.da 3.914 
Cat. 55 b.p.s.d 3.912 
Cat. 56 2-3 3.91(3) 
Cat. 57 2-3 3.91(3) 
Cat. 58 3 3.90(2) 
Cat. 59 2-3 3.914 
2 Theta20.0 30.0 40.0 50.0 60.0 70.0 80.0
1
2
3
4
300s 
Fig. 6.11. XRD patterns of cat. 57 (1), cat. 56 (2), cat. 55 (3), cat. 54 (4). 
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6.4 Electrochemical analysis 
6.4.1 W-doped samples 
The performance of the W-modified Pt/Vulcan catalysts was compared with that of Pt/Vulcan 
catalyst (E-TEK) using Differential Electrochemical Mass Spectrometry (DEMS) and 
Rotating Disk Electrode (RDE) method. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
DEMS measurements of pre-adsorbed CO monolayer oxidation (CO stripping) 
in H2-saturated electrolyte, in order to establish the HOR activity - CO coverage dependence, 
show an early onset of COad oxidation on the W-modified Pt/Vulcan catalysts at very low (ca. 
0.1 V) potentials, leading to pre-peaks for CO2 formation at 0.2-0.35 V. They correspond to 
the oxidation of ca. 2-3% of the CO-adlayer and result in ca. 70-80% of the mass transport 
limited Hydrogen oxidation rate. Potential step experiments on the initially COad-blocked 
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Fig. 6.12. Electrochemical CO-stripping,
(DEMS), early COads oxidation on Pt-W catalyst
44 (green line) compared to PtETEK
catalyst(black line). 
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PtW/Vulcan catalysts in H2-saturated electrolyte result in a fast oxidation of ca. 2% of the 
adlayer upon raising the potential from 0.06 to 0.3 V, together with an immediate increase of 
the Hydrogen oxidation current (20-40%).  
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Potentiodynamic RDE 
measurements on the Pt/Vulcan 
catalyst in electrolyte saturated 
with H2/CO mixtures show a 
gradual increase in the onset 
potential of Hydrogen oxidation 
(from 0.8 to 0.6V) with 
decreasing CO concentration 
(from 20000 to 250 ppm). For the 
PtW(1%)/Vulcan catalyst the 
onset of H2 oxidation is around 
0.3 V, leading to a plateau at ca. 
0.5 V. The current in the plateau 
gradually increases with 
decreasing CO concentration, 
reaching ca. 80% of the transport 
limited current for H2/CO 
(250ppm). For H2/ CO (2%) this 
catalyst does not show any 
enhanced activity compared to 
Pt/Vulcan.  
These findings can be 
explained by a reaction model 
where COad oxidation occurs at 
the boundary between modifying 
tungsten (oxide) islands and COad 
blocked Pt surface, freeing ca. 3-
4% of the Pt sites in their vicinity 
for Hydrogen oxidation. Under 
steady state conditions COad oxidation is compensated by CO re-adsorption from the solution. 
(see Fig.6.15) 
 
•  onset of H2 oxidation at 0.6 ÷ 0.8 V  (0.025 ÷ 2% CO) 
•  ignition potential decreases with CO concentration 
•  no activity vs. H2/CO mixtures oxidation below 0.6 V 
•  onset of H2 oxidation ~0.3 V, HOR plateau at ~0.5 V 
•  plateau increases with decreasing CO concentration 
•  no activity vs. H2/CO(2%) mixture oxidation 
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Fig. 6.14. COads electro- oxidation in H2/CO mixtures, 
on Pt-ETEK and PtW(10%) cat. 44. 
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The system Pt-WOx has already 
been subject to excessive research, and it 
could be confirmed that in sulphuric acid a 
cocatalytic activity both for the oxidation 
of H2/CO and of methanol is achieved by 
adding Tungsten to Platinum, although 
this effect is not as strong as found in case 
of Ruthenium [3-5]. At the potential of a 
PEM anode, Tungsten is supposed to be 
active as a redox catalyst, which is present 
in an oxidised state written as WO3-x, 
probably a Tungsten bronze. The 
cocatalytic activity is supposed to be due 
to rather rapid change of the oxidation 
state of W, involving the postulated redox 
couples W(VI)/W(IV) or W(V)/W(VI), 
respectively[6]. The redox activity renders 
the Tungsten sites to be active for the 
dissociative adsorption of water or the 
oxidation of Methanol. 
In analogy the ternary PtRuW samples depicted in Fig. 6.16 showed little to no 
improvement over PtRu except for the previously prepared PtRuW (5%W)[7]. Of course the 
onset of the main stripping peak of CO oxidation compared to pure Pt is improved by some 
0,25V due to Ru.  
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Fig. 6.16. CO-stripping on PtRu-W catalysts. 
Fig. 6.15. Reaction model: 
 
1  COad oxidation occurs at the boundary between 
modifyingW(oxide) islands and COad blocked Pt surface
 
2  Freeing ca. 3-4% of the Pt sites for Hydrogen 
oxidation reaction in the vicinity of modifying W(oxide) 
islands 
 
3  COad oxidation is compensated by CO re-adsorption 
from the H2/CO mixtures under steady-state conditions  
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6.4.2 Electrochemical analysis of LiBEt3H, Cat. 47 
Base voltammetry and CO stripping experiments of the Pt/C sample (cat. 47), 
prepared by LiBEt3H reduction show smaller Hydrogen adsorption as well as CO stripping 
currents, compared to commercial Pt/C from E-TEK. Integration of the Hydrogen adsorption 
region and further evaluation yields a specific surface area of 40m2g-1 for this sample, 
compared to the ~85m2g-1 of the E-TEK sample. Since the shape of the base CV (part of the 
CO stripping experiment) of the cat. 48 reflects the well-known behaviour of polycrystalline 
Pt. The smaller surface area is not attributed to (organic) contaminations on the surface 
blocking Pt sites, but rather to larger Pt particles compared to E-TEK Pt/C (4 nm). But more 
interestingly, this proves that using LiBEt3H it is possible to prepare Pt nanoparticles with 
clean surfaces without being forced to apply a conditioning step at elevated temperatures. 
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Fig. 6.17. CO-stripping of cat. 47. 
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An unusual behaviour of this Pt/C sample (47) was observed in the CO 
stripping experiments, which also appeared in the subsequent surface modified Pt-V and Pt-
Nb samples: The onset of CO2 evolution observed in the mass spectrometer was located as 
expected around 0.3V for both Pt/C KGE and Pt/C E-TEK (This is not visible in the 
electrochemical CV, since strong contributions from double layer charging of the Pt and the 
Vulcan support surface swallow the small CO oxidation current at these potentials.). 
However, in the course of the stripping experiment, the CO oxidation current in this pre-peak 
region between 0,3V and 0,6V is roughly 2 times of Pt/C from E-TEK and leads to a 
pronounced shoulder/peak from 0,6V to 0.7V which is seen neither on Pt/C from E-TEK nor 
other Pt/C catalysts. The peak potential of 0.75V of the main stripping peak coincides with 
that found for Pt/C E-TEK (and other Pt/C samples. The origin of the peak is not sure. 
However, in a XPS analysis carried out after CV did not find elements other than C, O, Pt and 
Cl. On the other hand, XPS on Carbon supported catalysts can hardly detect traces of 
contaminations, since the absolute surface concentration would be beyond the detection limit 
(ca. 97% of the measured surface atoms are C, ca. 1% are Pt, O and Cl each). Even elements 
present, below 1% not distinguishable from the noise of the background. So far the origin for 
 
Fig. 6.18. Co-stripping on V and
Nb doped Pt catalysts. Black line:
PtV(5%), Red: PtV(20%), Blue
line: PtNb(5%), Green line: Pt/C
(47). 
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this unusual prepeak in the CO stripping experiment remains unclear. The onset of CO2 
formation is the same for all PtRu-doped  samples in the CO stripping experiments.  
 
6.4.3 V and Nb modified Pt (Pt-V/C and Pt-Nb/C) 
Fig. 6.18 gives an overview of the Carbon supported V (48 with 5 wt.%V, 49 
with 20 wt.%V) and Nb (52 with 5 wt.%Nb) modified Pt samples in comparison with 
unmodified Pt/C (47). Looking at the Hydrogen region between 0.05V and 0.4V, each sample 
exhibits the typical ad-/desorption peaks of pure Pt, showing that neither V nor Nb have an 
                                     
                                     
                                     
                                     
                                    
                                     
0,0 
0,1 
0,2 
0,0 0,2 0,4 0,6 0,8 
                                     
                                     
                                     
                                     
                                     
                                     
0,0 0,2 0,4 0,6 0,8 
0,0 
0,5 
1,0 
 E (RHE) / V 
 
 If/ 
mA 
 PtRu 14 
 PtRuNb (5% Nb) 53  PtRuV (5% V) 51 
 PtRuV (20% V) 52 
 
IMS/ 
nA 
Fig. 6.19. V and Nb modified PtRu (PtRu-V/C and PtRu-Nb/C). 
SURFACE DOPANTS 
 178
impact on the base CV of Pt particle core. This was observed as well for previously studied 
Pt-Al/C and Pt-Ga/C samples [8], where Al and Ga form stable oxides, which did not show 
electrochemical activity in the potential regime, studied. It should also be the case for the Nb 
modified sample, where Nb most likely forms a stable oxidic passivation layer. However, V, 
is prone to form various soluble oxides in acidic environments and instead of forming a 
passivating layer, it will dissolve. In both cases, passivation or dissolution, the Pt base CV 
remains unaffected. The Hydrogen adsorption currents of the two Vanadium samples are 
overlapping almost perfectly with peak currents of –0.04V at 0.1V and there seems to be no 
influence arising from the V loading. On the other hand, the Nb modified sample shows 
Hydrogen adsorption currents of –0.06V at 0.1V, which are close to that of unmodified Pt. In 
fact, the reverse behaviour would be expected, if Nb forms stable, surface blocking oxides 
which are lowering Pt surface area and dissolution of V should free V blocked Pt sites 
increasing surface area.  
The only reasonable explanation for this can be given based on formation of 
some distinct nanoparticle surfaces like (111) and (100) as described in chapter 5. CO 
stripping gives similar curves in all three cases with unusually pronounced prepeak regions as 
it was observed already for the Pt/C samples. It cannot be observed, that either V or Nb 
influence the CO tolerance on modified Pt. Integration of the CO stripping peaks yields 
surface areas of 36m2 g-1 (Pt-V/C, 5 wt.% V), 31m2 g-1 (Pt-V/C, 20 wt.% V) and 40m2 g-1 (Pt-
Nb/C, 5 wt.% Nb) for the modified samples which is in the range or little below the area of 
the unmodified sample. 
In agreement with the results on modified Pt, the V (50, PtRu-5 wt.%V/C and 
51, PtRu-20 wt.%V/C) and Nb (52, PtRu-5 wt.% Nb) modified PtRu samples are not 
improved in their CO tolerance compared to PtRu (14). In fact they overlap almost perfectly, 
which again means, that the amount of deposited V seems to be irrelevant (if it is still present 
on the surface) (Fig. 6.19). 
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6.4.4 PtRuCo-catalysts 
 
CO-stripping voltammetry and methanol oxidation curves for different Cobalt 
doped samples are given in Figs. 6.20 and 6.21. The highest surface area with improved onset 
potential was obtained from cat. 56 followed by 57 and 58 in CO-stripping. The current 
densities at peak potentials of all the catalysts are given Table 6.4. In case of methanol 
oxidation cat. 58 shows the highest activity followed by cat. 56 and 57. The highest current 
densities of all the catalysts for methanol oxidation are given in Table 6.4 
 
  
 
 
 
-0.2 0.0 0.2 0.4
0.0
0.5
1.0
1.5
2.0
2.5
E/V [Hg/HgSO4]
C
ur
re
nt
 d
en
si
ty
 [m
A
/c
m
²]
58
56
57
55
59
54
ETEK-new
ETEK-old
Fig. 6.20. Methanol oxidation curves at 50 mV/s in 0.5 M H2SO4 and 0.5 M CH3OH. 
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It can be concluded from the electrochemical data that 
1) The new PtRu-ETEK catalyst (Lot# A0370226) is more active than the old one. This 
can be reflected in both the CO-stripping experiments with higher CO-oxidation 
surface area and in methanol oxidation with higher current density. This can be 
rationalised based on the particle size distribution obtained from the TEM analysis 
where old ETEK catalysts shows higher average particle size (3.53 nm, 28% D) 
compared to the new catalyst with average particle size of 3.18 nm and higher surface 
for catalytic activity reflected from the higher dispersion of 32%.  
2) All the Cobalt doped PtRu catalysts show higher methanol oxidation activity than the 
bimetallic PtRu catalysts. This suggests the activity enhancement due to promoting 
effect of Cobalt. The CO-stripping current densities though look different. The surface 
area and the onset potential also support the higher activity of Co-doped catalysts. The 
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Fig. 6.21. CO-stripping curves at 50mv/s in 0.5M H2SO4. 
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exact nature of the activating effect of catalytic enhancement of PtRu catalysts due to 
Cobalt as promoter is still not clear. Theoretical calculations are underway. Further, 
long term stability tests have to be performed with these CO-doped PtRu-systems.  
 
3) Catalysts preparation via Hydrogen salt reduction is promising as it yields 
monodisperse particles of smaller size (1-2nm). Also no impurities generated from 
protecting shells.  
 
 
 
 
 
 
 
 
(8) 0.6 
(4) 1.4 
(5) 1.35 
(7) 1.2 
(6) 1.3 
(1) 1.9 
(2) 1.7 
(3) 1.5 
Max.I 
[mA/cm²] 
CO- stripping 
(8) 0.6 29  3.5      (ETEK-old)   
       Pt:Ru  1:1
(7) 0.9 32 3.2      (ETEK-new)     
     Pt:Ru   1:1 
  
(6) 1.0 50 1.7      (54)  Pt:Ru 
 1:1 
(5) 1.3 27 2.2 (59) Pt:Ru:Co 
  1:1:1 
(4) 1.5 65 1.45 (55) Pt:Ru:Co 
  1:1:1 
(3) 1.5 41 3.1 (57) Pt:Ru:Co 
  1:1:1 
(2) 1.7 74 1.16 (56) Pt:Ru:Co 
  1:1:1 
(1) 2.1 36 3.2 (58) Pt:Ru:Co 
  1:1:1 
Max.I 
[mA/cm²] 
Methanol  
oxidation
Disper- 
 sion/ % 
Particle size/nmCatalyst type 
Table 6.4. TEM particle size, dispersion and current densities obtained 
from CO-stripping and methanol oxidation. 
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6.5 Synopsis  
W acts as an efficient dopant on the surface of Pt nanoparticles. It was found 
that when W (1-10 wt.%), used for doping high catalytic activity enhancement was prompted. 
These findings can be explained by a reaction model where COad oxidation occurs at the 
boundary between modifying tungsten(oxide) islands and COad blocked Pt surfaces. Freeing 
ca. 3-4% of the Pt sites in the catalyst’s vicinity for Hydrogen oxidation is sufficient. This 
covers about 70-80% Hydrogen oxidation compared to pure Pt in pure Hydrogen. Further, no 
such enhancement was observed on PtRu. 
Pt/Vulcan catalyst prepared by LiBEt3H reduction shows a prepeak in CO-
oxidation. This can be due to the formation of nanoparticle facets. When doped with Nb or V 
no improvements were observed. Due to the prepeak in Pt particles the effects of Nb and V 
could not be examined. But this is interesting as onset potential is earlier which could enhance 
Hydrogen oxidation similarly as observed in case of W-doped samples.  
Cobalt was found to be an excellent co-catalyst (dopant). In a series of 
experiments on PtRu industrial catalysts as well PtRu catalysts prepared from Hydrogen 
reduction pathway, it was found that doping with Cobalt enhances the methanol oxidation 
activity. Also, the onset potential in CO-stripping is improved (~ - 0.5 V). The new method of 
catalyst preparation based on reduction of metal salts or precursors directly on the support 
surface under Hydrogen at 120°C is found to be very effective. From the particle size 
distributions obtained from TEM analysis it is clear that the particles are smaller with narrow 
size distribution. The lack of impurities is evident due to absence of any stabilizing agent in 
the synthesis. 
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CHAPTER 7 
SUMMARY 
 
 
The work presented in this thesis is about synthesis, characterisation and 
application of mono- or plurimetallic colloids as PEM fuel cell anode catalysts. During this 
work following results were reached. 
1. The use of (Octyl)4N[BEt3H] (Bönnemann method) for the preparation of 
colloidal particles produces an excess of colloidal protecting shell on the metallic 
nanoparticles. This excess requires the removal in a “conditioning step”.  
2. It was found that the amount of applied protecting agent can be reduced to 
60% from the amount usually applied. It was, however, stated that the amount of protecting 
agent can not be reduced to less than 60% from normal, because due to insufficient amounts 
of protecting agent the primary particles formed during the reduction process will then 
agglomerate leading to largely associated grains rather than forming single particles of 
increased size. 
3. The particles are seen to be smaller in TEM analysis (with a narrow particle 
size distribution) when protected with an in-situ generated amount of protecting agent 
(R)4NCl. This then suggests that - although the particle size itself cannot be altered by “in-situ 
stabilisation”- unwanted particle aggregation can be avoided without application of excess of 
the protecting agent. This facilitates any cleaning or washing procedures. 
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4. Further, it was found that the particle size can be controlled in the 
tetraalkylammonium triorganohydroborate synthesis by the “reverse” addition (see Fig. 7.1) 
of e.g. suspended Platinum and /or Ruthenium salts to the diluted tetraalkylammonium 
triorganohydroborate solutions. One can first add a small fraction of the metal salt in order to 
produce a small number of nanometallic nuclei, which subsequently increase in size by 
diffusional growth during fast addition of the remaining quantity of the dissolved metal salt. 
This mode allows diffusional growth leading to smaller particle sizes instead of causing 
aggregation of the nuclei. When large numbers of nuclei are formed simultaneously, 
diffusional growth is less feasible. This opens a way for preparing small particles having a 
narrow size distribution. Another advantage of this method is the possibility of decreasing the 
amount of stabilizing shell up to 50-60%, which subsequently produce clean catalysts. 
 
 
                              Fig. 7.1. Pictorial presentation of reverse addition mode.  
5. In chapter 4 different borohydride reduction methods of nanoparticle 
preparation are compared. Apart from tetraalkylammonium triorganohydroborate, the “LiBH4 
reduction” (Sung’s method) and the “LiBEt3H reduction” of Pt- and Ru- metal salts were 
included in this study. Sung's method and LiBEt3H reduction methods are interesting for the 
preparation of impurity free catalysts. It was found that a weak electrostatic stabilization plays 
an important role in stabilizing nanoparticles prepared by these reduction modes.  
Nanopowders as well as supported catalysts can be prepared without using any bulky organic 
stabilizing agents. Reduction with LiBH4 and LiBEt3H gives stable colloids, if the reducing 
agents are used in stochiometricaly excess proportion. Though XPS analysis to detect the 
surface species fails due to evolution of volatiles, NMR and MS observations suggest a 
stabilisation by BR3-THF (R= Et, H)  complexation. Separate reduction experiments of Pt and 
Ru salts suggest that the Ru particles formed are better stabilised as a colloid; Pt in contrast, 
forms nanopowder. Pt1Ru2 colloids were analysed by elemental analysis. Futher, the LiBEt3H 
reduction method is more suitable for clean catalyst preparation as no boride impurities are 
observed which are normally occur in Sung’s method. 
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6. Further, THF stabilized colloids; Nb.0.3THF (15) and V.0.3THF (16) were 
prepared by KBEt3H reduction mode. These colloids are very air sensitive and if exposed to 
air immediately catch fire. In TEM analysis metal particles were not detected, but EDX 
analyses showed presence of Nb and V in high percentages (>50 wt %). Which confirms that 
the colloidal nanoparticles in these samples are very small in particle size, below 0.8 nm. 
NMR, IR and MS analyses of both colloids confirm presence of intact THF shell. A detailed 
XPS analysis of Nb colloid (15) vindicates presence of THF molecules surrounding the Nb(0) 
nanoparticles. In case of Vanadium colloid XPS analysis was not possible due to overlap of 
the V and O BE signals. But from XRD a new phase showing V-O(THF) interaction was 
identified. 
7. Decomposition of organometallic precursors in presence of Armand’s ligand 
is found to be a versatile method to prepare impurity free (Chloride) colloidal catalysts. 
Further, size tuning of nanoparticles is possible by changing the alkyl substituents from 
Armand’s ligand. Reductive stabilization mode of for PtRu colloidal catalyst preparation by 
trimethylaluminium was studied. It was found that smaller nanoparticles could be prepared by 
this method. Presence of Aluminium impurities on the catalysts surface was observed. 
Leaching is applied to remove these impurities. 
8. Different water phase methods of nanoparticle synthesis were compared in 
chapter 4. A variety of surfactant stabilized colloids of Pt and Pt-Ru were prepared by 
Hydrogen reduction mode. The surfactants were REWO, Ampholyte, Dehyton G.. Though 
smaller and monodisperse colloids can be prepared (1-2nm) by this method it is not suitable 
for preparing colloidal fuel cell catalysts. It was found that conditioning step cannot be 
applied for cleaning these surfactants from the final products. As >400°C temperature is 
required.  At this temperature range, a heavy particle size increase was observed (>100nm). 
Also segregation of Pt and Ru was commonly observed during the preparation of bimetallic 
nanoparticles. Further, “Formaldehyde reduction” was studied, which yields larger Pt/Ru 
agglomerates of 15-20 nm size and non-uniform distribution of Pt and Ru particles. This 
reduction mode yields non-redispersible nanopowder instead of a colloid and not suitable for 
preparation of high surface area fuel cell catalysts, where metal nanoparticle size is preferred 
below 5nm. Polyol method was found to be interesting method for the synthesis of colloidal 
catalysts. Particles with 3-4 nm sizes can be obtained by this mode. Also another advantage is 
the lack of impurities, due to absence of organic stabilizers, and easy washing. During this 
work this method was modified. In contrast to the usual polyol mediated synthesis in 
anhydrous conditions here synthesis was followed in water-polyol mixture. It was found that 
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uniform nanoparticles result from this optimization. This is possibly due to the low 
concentration of polyol, which causes slower reduction and favours diffusional growth. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
9. Another interesting aspect of water phase synthesis is the possibility of size 
and shape controlled synthesis (see Fig. 7.2). We developed a new method, called as “seeding 
method” for size and shape control of Pt nanoparticles in water phase. It was found that using 
slow reduction induced under Hydrogen as the reducing agent, nanoparticles grow under 
diffusional growth conditions. Diffusional growth renders the nanoparticles faceted 
equilibrium structures. Further, by controlling different parameters for example, type of 
polymer and seed it is possible to tune the final shape and size of Pt nanoparticles. Truncated 
octahedral Pt nanoparticles were prepared with different size (15 nm, 5 nm, 3 nm) by seeding 
the Pt²+: Na-Polyacrylate (1:1) solutions. Seeds used were formless ~1 nm pre-prepared Pt 
nanoparticles. Using the same seed in different proportions in Pt²+: PVP (10:1) mixture, 
tetrahedral Pt particles can be obtained with variable size (10 nm, 5 nm, 2.5 nm). The limit of 
smallest particle size obtainable tends to the particle size of seed particles. For example higher 
seeding (10%) leads to 1.8 nm formless Pt particles in Pt²+: PVP (10:1) mixture. This is 
because more nuclei in the solution lead to incomplete growth. Anisotropic structures (rods, 
  
Pt  -  Precursors + PVP   
10:1   
2%    
seed   
10:1    
5%    
seed   
8  -  10 nm 2.5 nm 5 nm 
10:1   
Fig. 7.2. Seed mediated synthesis of tetrahedral Pt nanoparticles. 
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large grains) were observed if seeded to very high percentage (20%), this is of course due to 
the aggregation or coalescence of nanoparticles due to high concentration. 
10. Different catalysts prepared by methods described in chapter 4 were tested 
for their electrocatalytic activities in chapter 5. PtRu catalysts prepared by Bönnemann 
method -Tetraalkylammonium triorganohydroborate (cat. 8), LiBEt3H reduction mode(cat. 
12-unsupported, cat. 13-supported, cat. 14-conditioned)  and reductive stabilization mode 
with trimethylaluminium (cat. 24-unleacheda, cat. 25-leached)  were compared. At room 
temperature methanol oxidation activities of the PtRu-catalysts are in the following order 
Tetraalkylammonium triorganohydroborate (cat. 8) > LiBEt3H (cat. 14) ~ reductive 
stabilization (cat. 25). On the contrary at 60°C it was found cat. 8 ~ cat. 14 > cat. 25 (see 
Table 7.1).  
 
 
 
 
 
 
 
 
 
 
 
Table 7.1. shows the comparison of Pt1Ru1/Vu(30 wt. %) catalysts prepared by different wet 
chemical methods of preparation. 
(a In each column each catalyst is ranked based on decreasing surface area or activity) 
 
Further based on the physical characterization it was found that the PtRu 
catalyst prepared by Bönnemann method is consisted of Pt rich nanoparticles with Ru 
particles in vicinity, while LiBEt3H reduced particles contain Pt nanoparticles with Ru islands 
and reductive stabilization yields truly alloyed PtRu bimetallic nanoparticles. At higher 
temperature the higher activity of cat. 14 is due to Pt metal which is more CO-tolerant at 
higher temperature. While the lower catalytic activity of reductive stabilization mode catalysts 
was not clear, but more probably due to impurities on the surfaces. Further it was found that 
conditioning enhances the catalytic activities of LiBEt3H mode catalysts, (cat. 14-
unconditioned is less active than the cat. 14-conditioned) due to possibly reduction of RuO2 
                                                 
a leaching : cleaning nanoparticles surfaces with NaOH, from any possible Al impurities  
CH3OH -oxidation densities 
Chronoamperometry / m A (30min) 
Catalyst 
(Method) 
CO-stipping 
Surface 
area /m²/g-1 
t = 22°C t = 60°C 
cat. 8 (Bönnemann 
method) 
33 (1)a 2.5 (1) 12.5 (1) 
cat. 14 
(LiBEt3H) 
27 (2) 1 (2) 12.5 (1) 
cat. 25 
(Reductive stabilization) 
25 (3) 1 (2) 6 (2) 
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phase to Ru(0). Leaching too enhances the activity of catalysts prepared by reductive 
stabilization mode, due to possibly decrease in the Aluminium impurities (cat. 25-leached is 
more active than the cat. 24-unleached).  
Moreover, it was found that PtRu catalysts prepared by reverse addition mode 
increases the methanol activities also preferably due to reduction of impurities generated due 
to stabilizing agent.  
11. CO, methanol, formic acid, and formaldehyde oxidation were studied on 
the truncated octahedral Pt nanoparticles (5 nm) prepared by seeding method described in 
chapter 4. It was found that the catalytic activity depends upon the nanoparticle surface. Two 
peaks were observed (Fig. 7.3) during all the oxidation of these organic species which were 
correlated to (111) and (100) faces by using suitable model. First time the direct relation 
between the nanoparticle shape and its electrocatalytic activity was shows during this study. 
In contrast to previous studies which were exclusively done on single crystal surfaces in UHV 
conditions. This is very interesting as it could be crucial in improving the catalytic efficiency 
of the Pt-based PEMFC catalysts. As it is known that if 5% Pt sites freed from CO-adsorption 
would lead to >80% recovery Hydrogen reduction activity compared to the pure Pt in pure 
Hydrogen. Thus shape and size selectivity can be exploited in electrocatalysis for tuning the 
catalyst.  
 
 
12. In chapter 6, doping was used as a method for tuning fuel cell catalysts. It 
was found that W used as dopant in 1-10 wt. %, activates the Pt nanoparticles by regaining its 
Hydrogen oxidation activity 70-80% of the pure Pt in pure Hydrogen. A model was suggested 
to explain these results (see Fig. 7.4).  
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2 ) Fig. 7.3. Different CO-oxidation
peaks related to (111) and (100)
surfaces of Pt nanocrystallites. 
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A comparison of Pt-W catalysts is given based on onset potential in 
potentiodynamic CO-oxidation Table 7.2. 1% W doping was found to be most effective in 
shifting the onset potential of CO-oxidation by 0.35V. 
  
 
 
 
 
 
Table 7.2. shows the ranking of W- doped catalysts based on onset potential in 
potentiodynamic CO-oxidation. Pt-W (1 wt %) shows highest onset potential shift of 0.35 V. 
 
However other dopants like Nb and V did not show any improvements on the 
Pt and PtRu-catalysts. While doping with Co found to be very promising. We observed that 
Co doping on the commercial PtRu-ETEK as well as other PtRu catalysts( prepared by 
Hydrogen reduction) increases methanol oxidation current density as well as show improved 
onset potential for CO-stripping (for comparison of different Co-doped catalysts see the 
Table. 6.4 in chapter 6. Further, Hydrogen reduction mode of catalyst preparation at 120°C by 
metal salt reduction was found to be a very suitable method for catalysts preparation. The 
advantages are (1) the small particle size with narrow distribution  (2) and cost effectiveness 
as no bulky organic stabilizers are required. 
Catalysts Onset potential/ Potentiodynamic 
CO-oxidation /  (V/RHE) 
Pt-W (1 wt %)    cat. 43 0.15 (1) 
Pt-W (10 wt %)  cat. 44 0.2  (2) 
Pt-ETEK 0.5  (3) 
O
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C
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Fig. 7.4. a) model for higher activity of W doped Pt/Vulcan catalysts, b)CO- oxidation in 
H2/CO mixtures, shows higher activity of the catalyst below 2%-CO. 
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CHAPTER 8 
EXPERIMENTAL 
 
8.1 General information 
All of the reactants and the products in this work are air sensitive or Oxygen 
sensitive. Therefore all reactions are done under Argon line or with help of Schlenk 
technique. Vacuum utilized is of 10-3 mbar. All reactions are performed with dried or distilled 
solvents. 
8.1.1 Gas                   
O2                   Ringleitung MPI, Messer-Griesheim, 99.5% 
CO                  Messer-Griesheim 
H2                   Ringleitung MPI, Messer-Griesheim, 99.9% 
Ar                   0,5-0,8 ppm O2, Ringleitung MPI, Messer-Griesheim 
8.1.2 Solvents 
THF                 Dried over Mg distillation 
Toluene            Dried under NaAlEt3, distillation 
Pentane            Dried under Na/K alloy, distillation 
Ethanol            Dried over Mg, distillation 
Acetone           Dried over P2O5, distillation 
Diethyl-ether   Dried over Na/K alloy, distillation 
Water               De-ionized Millipore UHQ  
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8.1.3 Chemicals 
PtCl2                ACROS 
Pt(acac)2          Fluka 
RuCl3               ACROS 
PdCl2                      Fluka 
NbCl5             ACROS 
VCl3               STREM 
H2PtCl4           ACROS 
AlMe3             Fluka 
W(CO)6          STREM 
Vulcan XC72   CABOT Int. 
SB12, REWO and  
Ampholyte, Dehytone G                 Fluka 
LiBEt3H  synthesis according to (1) 
(Octyl)4N[BEt3H] synthesis according to (1) 
(1) H. Bönnemann, R. Brinkmann, W. Brijoux, E. Dinjus, Th. Joussen, B. Korall, 
Angew. Chem., 1991, 103, 1344 
 
8.2 ANALYTICAL 
Elemental analysis done in microanalysis laboratory by Dornis and Kolbe, 
Mülheim a.d. Ruhr 
HRTEM, analysis is done by Dipl.-Ing. B. Spielthoff at MPI für 
Kohlenforschung with Hitachi HF 2000 apparatus. 
TEM, analysis is done by Dipl.-Ing. A. Dreier at MPI für Kohlenforschung 
with Hitachi H 7500 apparatus 
SEM is done by Dipl.-Ing. Bongard, MPI für Kohlenforschung with (ISI60, 
S3500) instrument. 
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XRD analysis is done by Dr. Weidenthaler, with Siemens Typ, D500 at MPI, 
Kohlenforschung. With Cu Kα lines with 1.54 Å, also XPS analysis were performed by Dr. 
Weidenthaler measurements are done on Kratos HSi spectrometer with 127 hemispherical 
analyzer. 
NMR analysis; 200, 1 MHz  1H- and 64,2MHz  11B- spectrum were collected 
from a Bruker MC200 FT-instrument. 
IR analysis, Nicolet FT-IR-Spectrometer 7199The samples were in Nujol or 
KBr pillets handled 
MS MAT 311 A/DF (EI-MS, 70eV)  
BET analysis is done in MPI für Kohlenforschung with micrometrics ASAP 
2010 chemisorption system. 
Cyclic voltametric, in house, was performed with EG & G Princeton applied 
research unit, Model 636. with rotating disk electrode system. Glassy Carbon electrodes. 
Obtained from Sigradur G from Hochtempperature Werkstoffe GmbH, with 6-mm diameter 
(0.283 cm2) and they are polished to a mirror finish with 0.05µm alumina, Buehler, before 
each experiment.  
 
8.3 Synthesis of reducing agents 
 
8.3.1 Preparation of Li[BEt3H] from LiH and BEt3 
Procedure 
To a suspension of 17.55g (2.53 mol) of LiH in 2l of abs. THF 330 mL 
(2.3mol) of BEt3 are added drop wise at 60°C under stirring. After stirring further 16h 
(overnight) at room temperature any solid material excess of LiH, was filtered off from the 
light yellow reaction mixture. This solution contains 1.0 mol/l of Li[BEt3H]. 
Available at : Aldrich 17, 972-8, Super-Hydride®, 1.0 M solution in THF 
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8.3.2 Preparation of (Octyl)4N[BEt3H] from K[BEt3H] and (Octyl)4NBr 
Procedure 
To a solution of 134.9 g (0.246mol) of (Octyl)4NBr in 800-900 mL of abs. 
THF, a solution of 185.5mL (0.246m /l =0,246mol) K[BEt3H] in THF is added drop wise for 
1.5h at r.t. The obtained gelly like white precipitate (KBr) was allowed to settle down over 
night at -20°C (to complete crystallisation of KBr) and then filtereda off using a D4 filter. The 
resulting solution is colorless. 
Determination of the molarity by protonalysis with 0.1 N HCl. The described 
sample contains 0.188mol/l of (Octyl)4N[BEt3H]. It decomposes slowly at room temperature 
to a mixture of N(Octyl)3, octane and BEt3. The decomposition products do not disturb the 
colloid synthesis. It is possible to work with this borate at room temperature. Only the 
molarity goes down. Best storage at 20°C 
 
8.4 Preparation of colloids and catalysts 
Preparation of Pt-colloid 1 
4.866g (21.9mmol) of Platinum chloride is suspended in 1.5 litre THF. Further 
a solution of 225.64mL of 0.19M (44mmol) (C8H17)4N[BEt3H] in THF is added over a span 
of 16h. The instilling is done with reducing agent in suspension to ensure complete reduction. 
Reduction is easily judged by the colour change from suspension to a dark brown solution. 
After complete addition of reducing agent, 20mL Acetone is added to quench the reaction, 
and to destroy the excess of reducing agent. If solvent is pumped off, waxy and deep black 
residue After drying in vacuo for 4h at 40°C, 25.8 g of colloid in form of a waxy, deep-black 
residue was obtained. It contains 15% of Pt and it is very soluble in THF, toluene, acetone, 
ether and insoluble in ethanol and pentane. EA : 15% Pt 
Cleaning of colloid 
In cleaning procedure the waxy material is dissolved in technical ether and 
further technical ethanol was added to precipitate out the colloidal metal particulates. The 
technically graded solvents are useful as they content some amount of water, which helps in 
precipitating the metal colloid without agglomeration. 
                                                 
a The filtration can take longer time. If it is possible it should be carried out at -20°C (for example in 
refrigerator room), the (Octyl)4N [BEt3H] is thermolabile. 
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The whole residue was dissolved in approx. 200 mL of technical ether and 
approx. 200 mL of technical ethanol. A light gray-brown waxy powder as a precipitate 
obtained. After settling down for 1h the supernatant solution was pressed washed with 100 
mL abs. ether and 100 mL abs. ethanol. After drying for 20 min. in high vacuum 0.0001 
mbar, 3.6 g of grayish colloid was obtained. It is very soluble on THF, unsoluble in toluene, 
acetone, ether and ethanol.  
EDX analysis showed 78-80% metal content. This Pt-organosol is highly 
soluble in THF, toluene, and ethanol. 
Supporting and Conditioninga  
About 200mg of Pt-organosol is stirred with 800mg of Vulcan XC72 in THF 
for 12h. Then solvent is pumped off. A black free flowing powder is obtained as the residue. 
Conditioning of the supported colloid is a crucial step in which the removal of excess of 
protecting shell takes place thereby leaving metallic colloidal nanocrystallites dispersed on 
Carbon black. Conditioning is done in 2% O2(5) in Ar(4.5) ( Messer Ltd.), followed by 
Hydrogen(5). The temperature maintained was 300°C, for 30 min each. SEM shows 24% 
metal loading. BET surface area is high 195cm²/g. TEM analysis shows narrow size 
distribution with almost no agglomeration (3nm). Named as cat. 1. 
EA: 78 % Pt 
Particle size: (TEM) : 3.6nm±1.8nm  
BET surface area:  195m²/mg 
 
Pt-Colloid 2 
2.5g of PtCl2 dried in vacuo, suspended in 1 l THF Stirred for 2 h A mixture of 
reducing agents, 79.04mL (0.19M soln. In THF) (Octyl)4N[BEt3H]  and 2.4mL (1.63M soln. 
in THF) LiBEt3H, was added drop wise over a period of 5h. Solvent was pumped off. Residue 
dried in vacuo gave free flowing black powder. 200mL ethanol and 200mL tech. ether added 
to wash the compound.. Cleaning was repeated with 100mL of dist. ether and 100mL of dist. 
ethanol. Dried in vacuo. Free flowing black powder obtained. Soluble in THF, toluene, ether.  
EA 86% Pt 
                                                 
a Details of conditioning are given in chapter 2 
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Supporting and conditioning: Supporting of 2 by 20 wt. % of Pt metal on Vulcan XC 72 and 
conditioning similar to synthesis 8.3.3. Named as cat. 2 
BET surface area 190.4155m²/g 
 
Pt-Colloid 3 
Synthesis similar as 8.3.4, except the quantities. 
 
 
 
 
EA gives 85% Pt metal content. 
Supporting and conditioning: Supporting of 3 by 20 wt. % of Pt metal on Vulcan XC 72 and 
conditioning similar to synthesis 8.3.3. Named as cat. 3 
BET surface area178.m²/g 
SEM shows 25% metal content suggesting Pt % as 93% overall. 
 
Pt-Colloid 4 
Synthesis similar as 8.3.4, except the quantities. 
 
 
 
 
EA gives 85% Pt metal content. 
Supporting and conditioning: Supporting of 4 by 20 wt. % of Pt metal on Vulcan XC 72 and 
conditioning similar to synthesis 8.3.3. Named as cat. 4 
BET surface area 168.m²/g 
 
Reactants PtCl2 (Octyl)4NBEt3H LiBEt3H THF 
Amount 3.5g 83.04mL 6.45mL (1.63M) 1l 
Reactants PtCl2 (Octyl)4N[BEt3H] LiBEt3H THF 
Amount 3.5g 55.117mL 9.69mL (1.63M) 1 l 
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Pt-Colloid 5 
Synthesis similar as 
8.3.4, except  
 
the quantities 
EA gives 85% Pt metal content. 
Supporting and conditioning: Supporting of 5 by 20 wt. % of Pt metal on Vulcan XC 72 and 
conditioning similar to synthesis 8.3.3. Named as cat. 5 
BET surface area 171 m²/g 
 
Pt-Colloid 6 
Reverse addition mode of metal salts in (Octyl)4N[BEt3H]  is followed. A suspension of  
PtCl2 in THF 500mL is added dropwise to the 120ml reductant over period of 12h.  
 
 
 
 
TEM: 1.57 nm 
 
Pt-Colloid 7 
Similar to colloid 6 except the substitution of 50% (Octyl)4N[BEt3H]  by LiBEt3H. 
 
 
 
 
TEM: 1.71 nm  
 
Reactants PtCl2 (Octyl)4N[BEt3H] LiBEt3H THF 
Amount 3.5g 28.1 mL 13.1 mL(1.63M) 1l 
Reactants PtCl2 (Octyl)4NBEt3H THF 
Amount 2.4g 120mL of 0.19M 500mL 
Reactants PtCl2 (Octyl)4NBEt3H LiBEt3H THF 
Amount 2.4g 60mL of 0.19M 6.3 mL(1.63 M) 500mL 
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PtRu-colloid 8 
2.25 g (10mmol) of PtCl2 and 1.752 g (10mmol) of RuCl3 dried over vacuum 
were mixed and suspended in 1.5 l THF under Argon. 213mL of 0.19M (50mmol) 
(C8H17)4N[BEt3H] in THF was added during 12h at 40°C. A nearly clear solution is obtained. 
To quench the reaction and destroy the reducing agent 10mL acetone is added. Solution is 
filtered under Argon and evaporated. Drying for 16h at 60°C yiled a waxy, black residue. 
Colloid was very soluble in THF and toluene. 
EA: 6.9 % of Pt, 3.6% Ru (1:1).  
There is no particular method known for getting powdery, free flowing Pt/Ru 
organosol as in case of colloid 1. This difficulty arises form the readily soluble nature of 
Ruthenium nanoparticles in ethanol.  
To improve the quality of Pt/Ru organosol it was suspended in Pentane and 
small amount of THF was added to dissolve the organosol. Further this solution is refluxed 
for 2-3 h under Argon. After refluxing and cooling pentane is added to wash the residue. And 
further dried in vacuo. But no significant improvement is observed on waxy nature of colloid.  
Supporting and conditioning: Pt/Ru organosol on Vulcan XC 72, 5g of colloid taken contains 
0.75g of metal content. Hence about 3g of Vulcan XC 72 are used for supporting. It is stirred 
in 100 mL of THF. Solvent is pumped off and sticky black substance kept in vacuo for 8h It 
becomes dry. Conditioned under Argon, followed by Oxygen and 10% Hydrogen in Argon 
for 30 min. each at 300°C. Named as cat. 8 
TEM 1.7 nm±0.5 nm, BET surface area: 157.6549 m2/g, SEM Pt:Ru ratio : 52:47 
 
PtRu-Colloid 9 
Reverse addition mode of metal salts in (C8H17)4N[BEt3H] is followed. Quantities are similar 
to previous synthesis.  
TEM: 1.9 nm 
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PtRu-Colloid 10 
Reverse addition mode of metal salts in (C8H17)4N[BEt3H] and LiBEt3H solution is followed. 
Quantities are given below.  
 
Reactants: PtCl2 RuCl3 (Octyl)4N[BEt3H] LiBEt3H THF 
Amount. 2.25g 1.752g 13.3 mL of 0.19M 10.8mL of 1.63M 1 l 
 
TEM: 1.8 nm 
 
PtRu-Colloid 11 
0.4g of PtCl2 was dissolved in 200 mL of THF. A RuCl3 solution, containing 
0.31g of RuCl3 dissolved in 100 mL THF was added to the Platinum chloride solution (atomic 
ratio of Pt to Ru is 1:1). After 5 h of dissolution, the mixed solution was partially heated to 
50°C, with stirring. The mixture was continuously stirred at 700 rpm and 110 mL of a 0.1 M 
LiBH4 solution in THF was added with a rate of one drop per second and kept for 12h for 
complete reaction. After completion of reaction 3 mL of acetone added. And stirred for 5 h 
solvent is removed by vaporizing. Residue is suspended in 150 mL ethanol, pulverized 
ultrasonically. After removing settled residue, it is again washed with 30 mL benzene and 30 
mL water ultrasonically and rapidly cooled down under liquid Nitrogen. The solvent was 
sublimed in vacuo.  
EA: Pt 37.92%, Ru 26.60%, Li 4.47%, Cl <1% 
Supported catalyst was obtained by addition of Vulcan before the reduction 
step in required amount (30 wt%). Named as cat. 11 
 
PtRu-Catalyst Nanopowder 12 
400 mg of PtCl2 and 305.7 mg of RuCl3 were suspended in THF and heated 
gently at 50°C for 1h. Reducing agent LiBEt3H (6.92mL of 1.63M) was added over 12h. 
Solvent was pumped off. Ethanol 150 mL was added and sonicated for 30 sec. Further 
washed with 100 mL water and 50 mL benzene mixture (3x). 
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EA: Li 1.1, %Cl 1.8%, Pt 97% 
XRD: 3 nm, No alloying 
TEM: 3 nm 
 
PtRu-Catalyst 13 
Quantities are similar as synthesis of 12. Additionally Vulcan XC72, 1.05g was added to the 
reaction mixture before addition of reducing agent. 
Analysis: 
EA: Cl 6%, Pt 18%, Ru 8 .8%, C 68% 
SEM: Pt/Ru=1/1, C68.37%, Pt 20.28%, Ru 9.35%, Cl 2% 
TEM: 2.7 nm 
XRD: 2-3 nm 
 
PtRu-Catalyst 14 
Catalyst 13 was conditioned at 150°C in Hydrogen and Oxygen for 30 min each. 
XRD: 2 nm 
 
[Nb*0.3THF] Colloid 15 
Preparation of NbCl4.2THF 
0.16g of Al was suspended in 50 mL of CH3CN. 4.8g of NbCl5 was added to 
this suspension and stirred for 12h. Solvent was pumped off and dried in vacuo for 4h. An 
orange-brown solid was obtained. 50 mL THF added and kept stirred for 12h. A yellow 
precipitate was obtained. Washed with 50 mL of pentane. 
EA:  Nb 27.02%, H 2.76%, Cl 31.41%, C 20.59% (Experimental) 
         Nb 26.36%, H 4.2%, Cl 37.43%, C 25.25% (Calculated) 
IR: 830 sbr, 990s, 1340br 
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Preparation of colloid 
To a suspension of 1.15g (3 mmol) NbCl4.2THF in 50 mL THF with stirring. 
9.8 mL of 1.24 M solution of (12 mmol) KBEt3H in THF added for 3h. 110 Nml H2 was 
caught in glass burette (~3 mmol). KBr was separated over D4 frit. Red-brown filtrate was 
dried to remove BEt3 and THF residues in vacuo. This residue was dissolved in 100 mL THF 
and cooled at –70°C for 24h. Again filtered over D4 frit. Dried in vacuo to get black powder. 
IR: n[cm-1] 855s, 1050s, 1360br, 1455w 
MS: m/z   72 [C4H8O]+, 98 [BEt3] 
EA: (expt.) Nb 82%   C 16.2% H 2.26% 
       (calc.) Nb 80%   C 12.75% H 2.25% 
 
[V*0.3THF] Colloid 16 
Preparation of VCl3.2THF 
5g (31.6 mmol) of VCl3 and 250 mL THF were stirred and refluxed for 24h. 
For crystallization of the product solution was cooled to –25°C for 12h and then filtered over 
D4 Frit. Washed with 50 mL of pentane. Red color product was obtained after drying in 
vacuo for 16h. 
EA:  Nb 13.7%, H 2.76%, Cl 6.55%, C 38.4% (Experimental) 
        V 13.56%, H 4.2%, Cl 6.48%, C 38.56% (Calculated) 
IR: 850, 1010, and 1040 
Preparation of colloid 
To a suspension of 3.48g (6.8mmol) VBr3.2THF in 250mL THF with stirring. 
16.6 mL of 1.24 M solution of (12mmol) KBEt3H in THF added for 3h. 210 Nml H2 was 
caught in glass burette. KBr was separated over D4 frit. Red-brown filtrate was dried to 
remove BEt3 and THF residues in vacuo. This residue was dissolved in 100 mL THF and 
cooled at –70°C for 24h. Again filtered over D4 frit. Dried in vacuo to get black powder. 
IR: n[cm-1] 870br, 1020br, 1040wbr, 1460w 
MS: m/z   72 [C4H8O]+, 98 [BEt3] 
EA: (expt.) V 53%%   C 19.2% H 5.26% Br 1.7% K 5% 
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Armand’s ligand (C8H17)4NDCTA (17) and (C4H9)4NDCTA (18):  
4,5-Dicyano triazole (or triazole-4,5-carbodinitrile) was recognised in the 20’s 
as a strong acid by Fialkoff [a]. While its alkali metal salts are easily dissociated and give 
conductive solutions[b-c], the nitrogens on the ring and from the nitrile group keep their 
affinity for transition metals, including Pt. The advantage of this anion is the absence of 
contamination on pyrolysis, as only C (as CO or CO2) and N2 are evolved. Due to the charge 
delocalisation (“π” Hückel system), the lattice energy of the salt, especially with organic 
cation is very low. In particular, the tetraoctyl ammonium salt is at room temp. ionic liquid 
and at the same time highly hydrophobic. 
Experimental: the azole in the H form was prepared in according to Fialkoff [b], by reaction of 
Diaminomaleonitrile (Lancaster) with NaNO2 in acidic medium at 0 °C. The acid was 
extracted with ether. The yellow solid obtained after evaporation was purified by sublimation 
(2 x), yields an analytically pure white powder.  
(a) J. A. Fialkoff, Bull. Soc. Chim. France, 1927, 41,1209   (b) M. Egashira, B. Scrosati, 
M. Armand, S. Béranger, C. Michot, Electrochemical and Solid-State Letters, 2003, 6(4), 
A71 (c) P. Johansson, S. Béranger, M. Armand, H. Nilsson, P. Jacobsson, Solid State 
Ionics, 2003, 156 (1&2), 129  
 
Armand’s ligand (C8H17)4NDCTA (17) and (C4H9)4NDCTA (18): 
The 4, 5-dicyano triazole in the H form was prepared according to ref. [(a)-(b) 
above]. The lithium salt, LiDCTA was obtained by reaction of the azole with excess (10 %) 
Li2CO3 in acetonitril, filtration and evaporation [(c)-(d)]. In water, 10 % excess of the Li salt 
and tetraoctyl (or butyl) ammonium bromide were combined; an oily liquid separates slowly. 
The molten salt was extracted with dichloromethane, and washed  (6 x) with water, and the 
dichloromethane evaporated to yield the colorless ionic liquid. 
 
Pt(dba)2 and Ru(η4-1,5-COD) (η6-1,3,5-COT).  
Bis(dibenzylideneacetone) platinum (0)(19): A hot solution of potassium 
tetrachloroplatinate reacted with of dibenzylideneacetone  and sodium acetate in absolute 
ethanol under Argon. After 3 h of refluxing at 90 °C a purple solid was deposited. Cooling 
and subsequent filtration yielded a black solid. It was washed with distilled water (3 x) and 
dried in vacuo for 6 hr. After washing with pentane (5 x) and subsequent 2 h drying in vacuo 
a dark violet product was obtained.  
EA: Pt (36.18%). 
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(η4-1,5-cyclooctadiene)(η6-1,3,5-cyclooctatriene) ruthenium (0)(20): Freshly 
distilled COD and ethanol was reacted with Zn dust. An ethanol solution of RuCl3·3H2O was 
drop-wise added for 20 min to the refluxing mixture under Argon and stirred for 5 hr. After 
subsequent filtration, solvent was evaporated in vacuo. Deep brown oil was obtained which 
was extracted with 3 x pentane and placed in alumina column under Argon atmosphere. 
pentane was used as an eluent in chromatographic separation. The yellow band was collected. 
After evaporation of hydrocarbons, orange crystals of the product were obtained. Product was 
recrystallised with pentane.  
EA:  Ru (26.25%). 
 
Pt-[(C8H17)4N]+DCTA- colloid (21) 
Armand’s ligand (17), [(C8H17)4N]+DCTA-, dissolved in toluene, was reacted 
with  Pt(dba)2 dissolved in THF at room temperature for 48 h. Through the dark black stirring 
solution Hydrogen (3x106 Pa) was passed for 24 h at 50 °C. Solvent was pumped off to obtain 
a black viscous mass. The isolated colloidal material was re-dissolved in THF for TEM 
analysis. 
EA: Pt 15.67 %.  
TEM: 2.2 nm 
 
Pt-[(C4H9)4N]+DCTA- colloid (22) 
1.269 mmol of Armand’s ligand (18), [(C4H9)4N]+DCTA-, was dissolved in 50 
mL toluene. Pt(dba)2 (1.25 mmol) dissolved in (90 mL)  THF added and stirred at RT for 48 
h. Through the dark black solution Hydrogen (3x106 Pa) was passed for 24 h at 50 °C under 
stirring. After drying a black viscous mass was obtained. Re-dissolved in THF for TEM 
analysis 
EA: Pt 20 %  
TEM: 1.9 nm 
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Pt1Ru1-[(C8H17)4N]+DCTA- colloid (23) 
Armand’s ligand (19) [(C8H17)4N]+DCTA- dissolved in toluene was treated 
with Pt(dba)2 and Ru(COD)(COT) dissolved in THF at RT for 48 h. Hydrogen was passed in 
the dark black solution (3x106 Pa) and stirred for 24 h at 50 °C. Solvent was pumped off. A 
black viscous mass was obtained.  
EA: Pt: 21 % and Ru: 12.5 %.  
TEM: 1.87 nm 
EDX analysis has confirmed the absence of chloride in colloid 23. 
Catalysts were prepared by supporting and conditioning colloids 21, 22, 23, (30 wt.% on 
Vulcan ) and named as cat. 21, cat. 22, cat. 23 . 
TEM  of catalysts: Cat. 21 : 3.6 nm, Cat. 22: 3 nm, Cat. 23 :2.5 nm 
 
PtRu-[Al(CH3)-acac]x colloid 24, cat. 24 and cat. 25a 
Pt-(COD)2 and Ru(acac)3 were dissolved in toluene under Ar. And 
trimethylaluminium was dissolved in toluene after careful addition for 24h at 20°C. the color 
of solution changes from yellow to dark. All volatiles were evaporated in vacuo. In the 
residue one gets colloidal PtRu in the form of a black powder, air sensitive. It was further 
supported on the Vulcan XC 72 with 30 wt.% metal loading under Hydrogen (cat. 24). Cat. 
24 was subjected to leaching by 5M NaOH, as it forms soluble sodium slat with Al as 
NaAlO2. Leaching was done at 70°C. after leaching catalyst was conditioned at 300°C in 
reductive and oxidative atmosphere for 30 min. each. 
XRD of cat. 25:  3 nm 
TEM of cat. 24: 0.8-1.2 nm 
TEM of cat. 25: 1.8-2.8 nm 
 
 
 
 
                                                 
a  These catalysts were prepared by. Wen Fei, the quantitative details are available in the doctoral thesis of. Wen 
Fei.  
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Pt-REWO colloid 26, and cat. 26 
1g of REWO was dissolved in 1l THF and stirred for 2hrs. Sonicated for 10 
min. under Argon. 500mg of PtCl2 was added to the solution stirred for 2h. 2.3 mL of 
LiBEt3H (1.63M) was added in 50 mL THF and added drop wise to the salt solution. Solvent 
evaporated gives sticky mass. 
EA: Pt 10.28% 
TEM: 1.2 nm 
Colloid 26 was supported and conditioned 30wt.% named as cat. 26.  
TEM: > 20 nm agglomerates. 
 
Pt-REWO colloid 27 
4g of REWO was dissolved in 250 mL H2O and stirred for 2 hr. Sonicated for 
10 min. under Argon. 500 mg of PtCl2 and Li2CO3, 250 mg, were added to the solution (pH 
10.16) and stirred for 2h. the reaction mixture was stirred under Hydrogen for 3 hr. The 
resulting pH is 8.36. A black colloid is obtained. Very small amount of metal particulates 
settle down. 
EA: 0.34 mg/mL, TEM: Pt nanocoils of 10-20 nm  
 
Pt-Dehyton G colloid 28 
Procedure similar to colloid 27 preparation, except the surfactant 
used.  
Initial pH: 9.12 
Final pH: 7.89 
EA: 0.86 Pt mg/mL, TEM: 1.2 nm 
Cat. 28 prepared from colloid 28 as described in previous 
synthesis cat. 26., XRD: cat. 28: 7nm 
 
 
 
Chemicals  Quantities 
PtCl2 1.4 g 
Li2CO3 0.4 g 
Dehyton G 8.3 g 
H2O 100mL 
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PtRu-Dehyton G colloid 29 
Similar procedure as for colloid 28 except additional use of 
RuCl3. 
Initial pH: 9.63 
Final pH: 8.1 
EA: 0.55 Pt mg/mL and 0.54 Ru mg/mL 
TEM: Phase segregation of Pt and Ru 
Cat. 29 prepared from colloid 29 as described in previous 
synthesis. XRD: cat. 29: >100nm 
Pt-Ampholyte JB 130 colloid 30 
Procedure similar to colloid 27 preparation, except the surfactant 
used.  
Initial pH: 9.82 
Final pH: 8.3 
EA: 0.41 Pt mg/mL 
TEM: 1.4 nm 
 
 
Pt-Brij colloid 31 
Procedure similar to colloid 27 preparation, except the surfactant 
used.  
Initial pH: 9.82 
Final pH: 8.3 
EA: <0.05 Pt mg/mL 
TEM: 1.6 nm 
 
 
Chemicals  Quantities 
PtCl2 350 mg 
RuCl3 270 mg 
Li2CO3 200mg 
Dehyton G 4.15g 
H2O 100mL 
Chemicals  Quantities 
PtCl2 1.4 g 
Li2CO3 0.4 g 
Ampholyte 
JB130 
14.6 g 
H2O 100mL 
Chemicals  Quantities 
PtCl2 1.4 g 
Li2CO3 0.4 g 
Brij 35 5.4 g 
H2O 100mL 
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PtRu nanopowder 32 
350 mg PtCl2 and 270 mg RuCl3 were dispersed in 100mL water and 10mL of 
ethylene glycol. And refluxed for 5 hr. washed with water. A black free flowing nanopowder 
was obtained. 
TEM: 2.8 nm 
 
PtRu/Vulcan catalyst 33 
350 mg PtCl2, 270 mg RuCl3 and 700 mg vulcan were dispersed in 100mL 
water and 10mL of ethylene glycol. And refluxed for 5 hr. washed with water. A black free 
flowing powder was obtained.  
TEM: 3.7nm 
 
Pt-REWO colloid 34, by polyol method 
2g of REWO was dissolved in 250mL H2O and 20 mL ethylene glycol and 
stirred for 2 hr. Sonicated for 10 min. under Argon. 250 mg of PtCl2 were added. The reaction 
mixture was stirred under Hydrogen for 3 hr. The resulting pH is 8.36. A black colloid is 
obtained. Very small amount of metal particulates settle down. 
TEM: 2.1 nm 
EA: 0.50 mg/mL 
 
PtRu –colloid 35 by formaldehyde reduction 
1.5g PtCl2 and 1.1 g of RuCl3 suspended in 200 mL triple distilled water 
Refluxed up to 80°C. pH maintained >8.5 with caustic soda solution, if needed. 0.5 mL of 
aqueous Formaldehyde solution is added, pH drops immediately. Further, pH is maintained at 
8.5 for 5h and then kept stirring 12hr. Reaction mixture stirred further 12hr vigorously. 
Filtered with D4-Fritte and washed with hot water till the pH is neutral. Dried in vacuo. 
XRD: 7 nm, TEM: 6-8nm 
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Pt- Napolyacrylate colloids 36, 37, and 38 
Pt-NaPA colloids were prepared by seeding method. Seed utilized is colloid 
26, which was washed 5 times with acetonitril to get rid of any surfactants. 6.4 mmol of 
K2PtCl4 and Na-Polyacrylate were dissolved in 500mL-deionized water. Seed is added in the 
following percentage compared to the Pt 2+ concentration. Reduced under Hydrogen 
atmosphere for 4hr. 
Colloid Seed Pt % w.r.t Pt2+ in solution Particle size by TEM/nm Shape 
36 0 15 TO 
37 2 5 TO 
38 5 3 TO 
 
 
Pt- PVP colloids 39, 40, 41 and 42 
Pt-PVP colloids were prepared by seeding method. Seed utilized is colloid 26, 
which was washed 5 times with acetonitril to get rid of any surfactants. 2 mmol of K2PtCl4 
and 20 mmol of PVP were dissolved in 500mL-deionized water. Seed is added in the 
following percentage compared to the Pt 2+ concentration. Reduced under Hydrogen 
atmosphere for 4hr. 
Colloid Seed Pt % w.r.t Pt2+ in solution Particle size by TEM/nm Shape 
39 0 10 Tetrahedral 
40 2 4.5 Tetrahedral 
41 5 2.5 Tetrahedral 
42 10 1.8 Formless 
 
 
Pt colloid catalyst -doped with 10%W 44 
Organosol 1 was used for doping experimetns. It contains about 80% Pt metal. 
250mg of this organosol is dissolved in 300mL THF and stirred for 2h W(CO)6, 38.28mg 
added in 50mL of THF and dissolved. Equivalent amount of Vulcan 800 mg added to this 
solution to support the Pt –organosol. Simultaneously, W(CO)6 added and solution stirred for 
5 hr. This solution is added to the first solution and again stirred for 5 hr. Solvent is pumped 
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off in vacuo. Conditioning of above sample is done subjecting it to Ar (30min), 
O2(30min),Ar(10min), H2(30min), Ar(10min) at 300°C. 
SEM  W:Pt ratio is 1:10 
XRD no alloying 
TEM 3.7 nm 
 
Pt/Vulcan catalyst  doped with 1%W 43 
W(CO)6, 4mg is added in 50mL of THF was used for doping. Rest of the 
procedure is similar to catalyst 44  
 
PtRu catalyst -doped with 10%W 46 
Organosol 8 was used for doping experiments. 250 mg of this organosol 
dissolved in 300 mL THF and stirred for 2hr W(CO)6, 38.28 mg added in 50mL of THF and 
dissolved. Equivalent amount of Vulcan 800 mg added to this solution to support the Pt –
organosol. Simultaneously, W(CO)6 added and solution stirred for 5 h This solution is added 
to the first solution and again stirred for 5 hr Solvent is pumped off in vacuo. Conditioning of 
above sample is done subjecting it to Ar (30min), O2(30min),Ar(10min), H2(30min), 
Ar(10min) at 300°C. 
SEM  W:Pt:Ru ratio is 1:5:5 
TEM 1.68 nm 
 
PtRu/Vulcan catalyst 45 doped with 1%W. 
W(CO)6, 4 mg is added in 50 mL of THF was used for doping. Rest of the 
procedure is similar to catalyst 44  
 
Pt/Vulcan  catalyst 47 
0.250g of PtCl2 is was dissolved in 200 mL of THF. After 5 h of dissolution, 
the mixed solution was partially heated to 50°C with stirring. The mixture was continuously 
stirred at 700 rpm and 2.5 mL of a 1.63 M LiBEt3H solution in THF was added in a rate of 
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one drop per second and kept for 12h for complete reaction. Further steps are similar to 
cat.14. 
TEM; 3-4 nm 
 
 
V doped Pt-catalysts 48-49 
Colloid 16 conatins ~50 wt.% V. this colloid was doped in 5 wt.% (48) and 20 
wt.% (49)w.r.t the Pt metal on the catalyst 47, under Ar. Mild conditioned at 150°C.  
 
V- doped PtRu catalysts 50-51 
Colloid 16 was doped in 5 wt.% (50) and 20 wt%(51) on the cat. 14. and 
conditioned at mild temp. of 150°C. 
 
Nb doped Pt-catalyst 52 
Colloid 15 conatins ~80 wt.% Nb. this colloid was doped in 5 wt.% (52) w.r.t 
the Pt metal on the catalyst 47, under Ar. Mild conditioned at 150°C.  
TEM: 3.8 nm 
 
Nb doped PtRu catalyst 53 
Colloid 15 was doped in 5 wt.% (52) on the cat. 14 and conditioned at mild 
temp. of 150°C. 
 
PtRu catalyst 54 
5.33 g of H2PtCl6* 6H2O and 2, 78 g of RuCl3*n H2O (Ru 35.9%) and 7 g of 
Vulcan were thoroughly mixed in 1 l water under Ar. The supported precursors were dried in 
vacuo and transferred in conditioning tube. Conditioned at 120°C  for 2hr under Ar followed 
by 4h under Hydrogen and cooled down under Argon. 
TEM: 1.69 nm 
XRD b.p.s.d 
EA: 21% Pt, 0.53% Cl 
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PtRuCo( 1:1:1) catalyst 55 
5 g of cat. 54 was mixed under dry conditions under Ar with 0.87 g of Co2CO8 
dissolved in Toleuene. Conditioning as mentioned for cat. 54 was repeated. This gives 
Pt:Ru:Co wt. % as 37.5:37.5:25 or at. ratio as 1:1:1. 
TEM: 1.45 nm 
XRD b.p.s.d 
EA: 20.55% Pt, 0.42% Cl, 2.8% Co 
 
PtRuCo( 1:1:1) catalyst 56 
3.5 g of dry Vulcan, 2.67 g of H2PtCl6* 6H2O and 1.39 g of RuCl3*n H2O (Ru 
35.9%) were dissolved in 500 mL water together with 0.44g of CoCl2 under Ar. Dried under 
vacuum and condtioned as mentioned for cat. 54. This gives Pt:Ru:Co wt. % as 37.5:37.5:25 
or at. ratio as 1:1:1. 
TEM: 1.16 nm 
XRD 2-3 nm 
EA: 2.85% Cl, 2.19% Co 
 
PtRuCo( 1:1:1) catalyst 57 
9.95 g of dry De-Nora PtRu/Vulcan catalyst (30 wt.%)[Lot A 0370226] and 
0.844g of CoCl2 were mixed together in water. Dried under vacuum and conditioned as 
mentioned for cat. 54. This gives Pt:Ru:Co wt. % as 37.5:37.5:25 or at. ratio as 1:1:1. 
TEM: 3.13 nm 
XRD: 2-3 nm 
EA: 3.12% Cl, 2.63% Co, 23.96%Pt 
 
PtRuCo( 1:1:1) catalyst 58 
7 g of dry De-Nora PtRu/Vulcan catalyst (30 wt. %)[Lot A 0370226] and 
0.778g of Co2CO8 were mixed together in water. Dried under vacuum and conditioned as 
mentioned for cat. 54. This gives Pt:Ru:Co wt % as 37.5:37.5:25 or at. ratio as 1:1:1. 
EXPERIMENTAL 
 214
TEM: 3.21 nm 
XRD: 3 nm 
 
PtRuCo (1:1:1) catalyst 59 
3.5 g of dry Vulcan, 2.67 g of H2PtCl6* 6H2O and 1.39 g of RuCl3*n H2O (Ru 
35.9%) and 0.778g of Co2CO8 were mixed together in water. Dried under vacuum and 
conditioned as mentioned for cat. 54. This gives Pt:Ru:Co wt % as 37.5:37.5:25 or at. ratio as 
1:1:1. 
TEM: 2.20 nm, XRD: 2-3 nm 
 
 
8.5 Electrode preparation for electrochemical studies 
All electrochemical studies during this work are done in a thermostated, 
standard three-compartment electrochemical cell. 0.5 M sulphuric acid is used as electrolyte 
(Merck suprapure). Potentials were measured using Calomel reference electrode but are 
referred to NHE, Normal Hydrogen Electrode. A glassy Carbon disk electrode (Sigradur G 
from Hochtempperature Werkstoffe GmbH) with 6-mm diameter (0.283 cm2), polished to a 
mirror finish (0.05µm alumina, Buehler) before each experiment, is used as a substrate for 
Vulcan supported catalysts. For the electrode preparation suspension of 5mg/mL Vulcan 
catalysts in Millipore water were re-dispersed ultrasonically for about 10min. Immediately, an 
aliquote of 20µl was pipetted out, on to the surface of the glassy Carbon disk electrode. After 
evaporation of the water under Argon electrode surface is covered with 20µl of Nafion 
solution, in order to attach the Vulcan particles on the glassy Carbon electrode, after 
evaporating again in mild stream of Argon. This gives the thickness of the catalyst layer of 
order less than 2 µl. The resulting Nafion film of thickness of about 0.2µm is of sufficient 
strength to permanently attach the catalyst particles to the glassy Carbon electrode. Under 
these conditions diffusion effects are negligible. 
Immediately after preparation the electrodes were immersed under potential 
control in the deaerated electrolyte (Argon, N 6.0, Messer-Griesheim) at 0.1V. 
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8.6 Signs and symbols 
DMFC         Direct Methanol Fuel Cell 
Et                 C2H5 , chain-ethyl group 
EA               Elemental Analysis  
HRTEM     High Resolution Transmission Electron Microscopy 
Octyl           C8H17 chain-alkyl group 
PEMFC       Proton Exchange Membrane Fuel Cell 
SB12           3-(Dimethyldodecyl)-ammoniopropansulfonate  
SEM            Scanning Electron Microscopy 
Soln.            Solution 
TEM           Transmission Electron Microscopy  
Temp.         Temperature 
XRD            X-Ray Diffractometry 
∆                 Difference 
λ                 Wavelength 
Σ                 Mathematical Summation 
µ                 Micrometer          (10-6m) 
nm              Nano-meter unit   (10-9m) 
Ǻ                Angstrom unit,      (10-10m) 
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